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ABSTRACT 
 
This study reports the synthesis of carbon nanotubes (CNTs) incorporated into polymeric 
materials for potential use in photovoltaic solar cells. Both undoped (CNTs) and    nitrogen-
doped (N-CNTs) materials were made using the chemical vapor deposition (CVD), catalytic 
CVD and floating catalyst CVD methods. The procedures produced CNTs with an average 
yield of 1151 % using a 10 % Fe/Co catalyst supported on CaCO3. This is about three times 
that produced using 5 % Fe/Co catalyst (average 409 %). Morphology studies showed that the 
synthesized materials had an average diameter of 30 nm. CNTs were successfully incorporated 
into polythiophenes (PTh) using an in situ chemical oxidative polymerization method. TEM 
images showed that the functionalized CNTs in polythiophene, f-CNT/PTh, were thicker 
(average 192 nm) as compared to pristine CNTs (30 nm). TGA analysis then revealed that the 
new materials (f-CNT/PTh) were more thermally stable as compared to the pure polymer.  
N-CNTs were synthesized by the floating catalyst CVD method using toluene, ferrocene and 
tetramethylethylenediamine. Functionalization of the N-CNTs was then achieved using 3-
thiophenecarboxaldehyde and sarcosine in 1,2-dichlorobenzene (Prato reaction). Elemental 
analysis showed nitrogen incorporation (1.8%) into the N-CNTs and this value tripled after 
functionalization with the nitrogen donor reagents. Morphology studies showed that the amount 
of monomer used in forming the N-CNT/PTh nanostructures had an influence on the average 
diameters of the materials. Different ratios of nanotubes to thiophene monomer by weight were 
used (1:3, 1:10 and 1:20). It was found that when the amount of thiophene monomer was 
increased, the overall diameter of the materials increased as did the thickness of the polymer 
attached onto the N-CNTs. Similar studies were undertaken in order to evaluate the influence of 
time on the formation of f-N-CNT/PTh nanostructures. Polymerization reactions were carried 
out for 1 h, 12 h and 24 h and it was found that when the polymerization time increased, the 
average diameter of the f-N-CNT/PTh also increased, as did the thickness of the polymer 
attached onto the f-N-CNTs.  
 
 
vii | P a g e  
 
TABLE OF CONTENTS 
 
 
DECLARATION .................................................................................................................................... ii 
DEDICATION ....................................................................................................................................... iii 
ACKNOWLEDGEMENTS .................................................................................................................... iv 
PRESENTATIONS AND PUBLICATIONS ........................................................................................... v 
ABSTRACT ........................................................................................................................................... vi 
TABLE OF CONTENTS ...................................................................................................................... vii 
LIST OF FIGURES ............................................................................................................................... xii 
LIST OF TABLES ............................................................................................................................... xvii 
LIST OF REACTION SCHEMES ....................................................................................................... xviii 
NOMENCLATURE .............................................................................................................................. xix 
LIST OF ABBREVIATIONS ................................................................................................................ xxi 
CHAPTER ONE .................................................................................................................................... 1 
INTRODUCTION ................................................................................................................................. 1 
1.1 Introduction ............................................................................................................................. 1 
1.2 An overview of nanotechnology ............................................................................................... 1 
1.2.1 Carbon nanotechnology ........................................................................................................ 2 
1.3 Motivation ............................................................................................................................... 2 
1.4 Objectives of the study ............................................................................................................. 4 
1.5        Outline of the dissertation........................................................................................................ 4 
References ........................................................................................................................................... 6 
CHAPTER TWO ................................................................................................................................... 7 
LITERATURE REVIEW ..................................................................................................................... 7 
2.1  Introduction ............................................................................................................................. 7 
2.2 Carbon nanomaterials: Why carbon? ........................................................................................ 7 
2.3 Carbon Nanotubes .................................................................................................................... 8 
2.3.1 History and Discovery .......................................................................................................... 8 
2.3.2 Structure and classification ................................................................................................... 8 
2.3.3 Properties of carbon nanotubes ........................................................................................... 10 
viii | P a g e  
 
2.3.3.1 Thermal properties ......................................................................................................... 10 
2.3.3.2 Electrical properties ........................................................................................................ 11 
2.3.3.3 Optical properties ........................................................................................................... 11 
2.3.3.4 Mechanical properties ..................................................................................................... 12 
2.3.4 Application of carbon nanotubes ........................................................................................ 13 
2.3.5 Production of carbon nanotubes .......................................................................................... 13 
2.3.5.1 Arc discharge ................................................................................................................. 14 
2.3.5.2 Laser ablation method .................................................................................................... 14 
2.3.5.3 Chemical Vapor Deposition ............................................................................................ 15 
2.4 Doping CNTs ......................................................................................................................... 17 
2.4.1 Nitrogen-doping methods ................................................................................................... 17 
2.5 Purification of carbon nanotubes ............................................................................................ 19 
2.6 Functionalization of CNTs ..................................................................................................... 20 
2.6.1 Fluorination ........................................................................................................................ 20 
2.6.2 Hydrogenation.................................................................................................................... 22 
2.6.3 Cycloadditions ................................................................................................................... 22 
2.6.4 Amidation/Esterification reactions ...................................................................................... 26 
2.6.5 Grafting of Polymers .......................................................................................................... 27 
2.7 Organic Conductive Polymers ................................................................................................ 27 
2.7.1 Thiophenes ......................................................................................................................... 28 
2.7.2 Polythiophenes ................................................................................................................... 28 
2.7.3 Synthesis of PThs ............................................................................................................... 30 
2.7.3.1 Electrochemical synthesis ............................................................................................... 30 
2.7.3.2 Chemical synthesis of polythiophene .............................................................................. 32 
2.8 Nanocomposites ..................................................................................................................... 34 
2.8.1 Polymer nanocomposites .................................................................................................... 35 
2.8.1.1 Carbon nanotube/polymer nanostructures ....................................................................... 35 
2.8.1.2 Covalently functionalized nanotube/polymer nanostructures ........................................... 36 
2.8.1.3 Synthesis of carbon nanotubes/polymer composites ........................................................ 37 
2.9 Photovoltaic Solar Cells ......................................................................................................... 39 
References ......................................................................................................................................... 41 
CHAPTER THREE............................................................................................................................. 48 
ix | P a g e  
 
EXPERIMENTAL METHODOLOGY .............................................................................................. 48 
3.1 Introduction ........................................................................................................................... 48 
3.2 Chemicals and materials ......................................................................................................... 48 
3.3  Section A: Undoped CNTs .................................................................................................... 48 
3.3.1 Synthesis of CNTs using a CVD method ............................................................................ 49 
3.3.1.1 Preparation of the catalyst ............................................................................................... 49 
3.3.1.2 Deposition of the carbon feedstock for the formation of CNTs ........................................ 50 
3.3.2 Purification of synthesized CNTs ....................................................................................... 50 
3.3.3 Solvent drying .................................................................................................................... 51 
3.3.4  Functionalization of CNTs ................................................................................................. 51 
3.3.5 Oxidation of CNTs ............................................................................................................. 51 
3.3.6 Amination of CNTs ............................................................................................................ 52 
3.3.7 Non covalent functionalization of CNTs ............................................................................. 53 
3.3.8 Synthesis of polythiophene ................................................................................................. 54 
3.3.9 Synthesis of CNT/PTh nanostructures ................................................................................ 54 
3.3.10 Characterization techniques used in the study ..................................................................... 55 
3.3.10.1  Transmission electron microscopy ................................................................................... 56 
3.3.10.2  Thermogravimetric analysis ............................................................................................. 56 
3.3.10.3  Raman spectroscopy ........................................................................................................ 57 
3.3.10.4  Fourier transform infrared spectroscopy ........................................................................... 58 
3.3.10.5  Scanning electron microscopy ......................................................................................... 58 
3.3.10.6  Elemental Analysis .......................................................................................................... 59 
3.4 Section B: Nitrogen-doped CNTs ........................................................................................... 59 
3.4.1 Synthesis of N-CNTs using a floating catalyst CVD method ............................................... 59 
3.4.2 Purification of N-CNTs ...................................................................................................... 60 
3.4.3 Functionalization of N-CNTs ............................................................................................. 61 
3.4.3.1 Covalent functionalization of N-CNTs (the Prato reaction) ............................................. 61 
3.4.3.2 Non covalent functionalization of N-CNTs ..................................................................... 62 
3.4.4 Polymerization of thiophene monomer and synthesis of the composite materials ................. 62 
References ......................................................................................................................................... 64 
CHAPTER FOUR ............................................................................................................................... 67 
RESULTS AND DISCUSSIONS ........................................................................................................ 67 
x | P a g e  
 
4.1 Introduction ........................................................................................................................... 67 
4.2 Section A: Results and discussions associated with undoped CNTs ........................................ 67 
4.2.1 Synthesis of CNTs by CVD method ................................................................................... 67 
4.2.1.1 Transmission electron microscope of as-synthesized and purified CNTs ......................... 69 
4.2.1.2 Thermogravimetric analysis of CNTs ............................................................................. 71 
4.2.1.3 Raman spectra of as-synthesized and purified CNTs ....................................................... 72 
4.2.2 Oxidation of carbon nanotubes ........................................................................................... 73 
4.2.2.1 Transmission electron microscope of oxidized carbon nanotubes .................................... 74 
4.2.2.2 Themogravimetric analysis of oxidized CNTs ................................................................. 76 
4.2.2.3 Raman spectra of carbon nanotubes ................................................................................ 77 
4.2.3 Amination of CNTs ............................................................................................................ 79 
4.2.3.1 Transmission electron microscopy of f-CNTs ..................................................................... 80 
4.2.3.2 Thermogravimetric analysis of f-CNTs ........................................................................... 81 
4.2.3.3 Raman spectra of f-CNTs ............................................................................................... 82 
4.2.4 Polymerization of Thiophene .............................................................................................. 83 
4.2.4.1 Transmission electron microscope study of PTh.............................................................. 83 
4.2.4.2  Thermogravimetric analysis of PTh ................................................................................... 84 
4.2.4.3  Raman spectroscopy of PTh .............................................................................................. 85 
4.2.4.4  FTIR spectra of PTh .......................................................................................................... 86 
4.2.4.5  Elemental analysis: PTh .................................................................................................... 88 
4.2.4.6 Scanning electron microscope of PTh ............................................................................. 89 
4.2.5 Synthesis of f-CNT/PTh nanostructures .............................................................................. 90 
4.2.5.1 Transmission electron microscope of f-CNT/PTh............................................................ 90 
4.2.5.2 Thermogravimetric analysis of f-CNT/PTh ..................................................................... 91 
4.2.5.3 Raman spectra of f-CNT/PTh ............................................................................................. 92 
4.2.6 Non-covalent synthesis of CNT/PTh nanocomposites ......................................................... 92 
4.2.7 Summary ............................................................................................................................ 93 
4.3 Section B: Results and discussions associated with Nitrogen-doped CNTs .............................. 95 
4.3.1 Synthesis of N-CNTs  by floating catalyst CVD method ..................................................... 95 
4.3.1.1 Transmission electron microscope of N-CNTs ................................................................ 95 
4.3.1.2 SEM analysis of N-CNTs ............................................................................................... 97 
4.3.1.3 Thermogravimetric analysis of N-CNTs ......................................................................... 98 
xi | P a g e  
 
4.3.1.4 Raman spectra of N-CNTs .................................................................................................. 98 
4.3.1.5 Elemental analysis of N-CNTs ........................................................................................ 99 
4.3.2 Prato functionalization of N-CNTs ..................................................................................... 99 
4.3.2.1 Transmission electron microscope images of f-N-CNTs ................................................ 100 
4.3.2.2 Thermogravimetric analysis of f-N-CNTs ..................................................................... 100 
4.3.2.3 Raman spectra of f-N-CNTs ......................................................................................... 102 
4.3.2.4 Elemental analysis of f-N-CNTs ................................................................................... 103 
4.3.3 Synthesis of f-N-CNT/PTh nanostructures ........................................................................ 104 
4.3.3.1  Effect of time in the polymerization reaction ................................................................... 104 
4.3.3.1.1  Effect of polymerization time on the thermal stability of f-N-CNT/PTh nanostructures . 107 
4.3.3.2  Effect of the amount of thiophene monomer on the formation of f-N-CNT/PTh 
nanostructures .............................................................................................................................. 108 
4.3.3.3  Effect of the amount of catalyst on the synthesis of f-N-CNT/PTh nanostructures ............ 115 
4.3.3.4  Thermogravimetric analysis of f-N-CNT/PTh .................................................................. 116 
4.3.3.5  Raman spectra of f-N-CNT/PTh ...................................................................................... 120 
4.3.3.6  SEM analysis of f-N-CNT/PTh ........................................................................................ 120 
4.3.3.7 Elemental analysis of f-N-CNT/PTh ............................................................................. 121 
4.3.4 Noncovalent synthesis of N-CNT/PTh nanocomposites .................................................... 122 
4.3.4.1  TEM analysis of N-CNT/PTh .......................................................................................... 122 
4.3.4.2 Thermogravimetric analysis of N-CNT/PTh ................................................................. 123 
4.3.4.3  Elemental analysis of N-CNT/PTh................................................................................... 124 
4.4.5 Summary .......................................................................................................................... 124 
References ....................................................................................................................................... 126 
CHAPTER FIVE ............................................................................................................................... 127 
CONCLUSIONS AND RECOMMENDATIONS ............................................................................ 127 
5.1 Introduction ......................................................................................................................... 127 
5.2 Conclusions ......................................................................................................................... 127 
5.2.1 Undoped CNTs ................................................................................................................ 127 
5.2.2 N-doped CNTs ................................................................................................................. 128 
5.3 Recommendations for future work........................................................................................ 130 
 
 
xii | P a g e  
 
LIST OF FIGURES 
 
CHAPTER TWO 
Figure 2.1:  Cartoons of Single-walled (a) and Multiwalled (b) CNTs...........................9 
Figure 2.2: Models of nanotubes with different helicities showing the rolling of a 
graphene sheet along different chiral vectors……………………………10 
Figure 2.3:   Van Hove singularities of metallic and semiconducting SWNT………...12 
Figure 2.4:   Three main production methods of CNTs………………………….……14 
Figure 2.5:  Single-walled nanotubes grown by laser ablation…………………….…15 
Figure 2.6:  Schematic representation of the two growth modes commonly considered 
for CNTs: base growth and tip growth………………………………..…16 
Figure 2.7:   TEM image of N-CNTs grown from FcH (2.5 wt.%)/PhNH2 (5 wt.%)…18 
Figure 2.8:  Reaction scheme for fluorination of nanotubes, defunctionalization, and 
further derivatization…………………………………………………..…21 
Figure 2.9:  Cycloaddition reaction with in situ generated dichlorocarbene……....….22 
Figure 2.10:  1,3-Dipolar cycloaddition of azomethine ylides….…………………...…23 
Figure 2.11:  Reaction pathway for obtaining water-soluble ammonium-modified 
nanotubes…………………………………………………………...……24 
Figure 2.12:  1,3-Dipolar cycloaddition of nitrile imines to nanotubes…………..……25 
Figure 2.13: Bingel reaction on nanotubes and subsequent attachment to gold 
nanoparticles…………………………………………………………..…25 
Figure 2.14:  Derivatization reactions of acid-cut nanotubes through the defect sites of 
the graphitic surface…………………………………………………...…26 
Figure 2.15:   Direct thermal mixing of nanotubes and long chain amines…………..…28 
Figure 2.16:  Structure of thiophene................................................................................28 
Figure 2.17:   Structure of polythiophene………………………………………….……29 
Figure 2.18:  The four possible triads resulting from coupling of 3-substituted 
thiophenes………………………………………………………..………30 
Figure 2.19:   Initial steps in the electropolymerization of thiophenes………..………..31 
xiii | P a g e  
 
Figure 2.20:   Proposed mechanisms for ferric chloride oxidative polymerizations of  
   thiophenes………………………………………………………………..33 
Figure 2.21:   Structure of 3-Methylthiophene ………………………………...……….34 
Figure 2.22:   Structure of PTh (a) and dihydro species (b) ............................................34 
 
CHAPTER THREE 
Figure 3.1:  Schematic CVD reactor for the synthesis of CNTs…………………...…49 
Figure 3.2:   Schematic representation of floating catalyst CVD…………………...…60 
 
CHAPTER FOUR 
Figure 4.1a: As-synthesized carbon nanotubes and a histogram showing the diameter 
measurements of the tubes………………………………….……………70 
Figure 4.1b:   TEM image of purified CNTs……………………………………………70 
Figure 4.2a:   TGA plot of as-synthesized and purified CNTs recorded in air…………71 
Figure 4.2b:   The derivative plot of as-synthesized and purified CNTs…….…………72 
Figure 4.3:   Raman spectra of as-synthesized and purified CNTs................................73 
Figure 4.4:   TEM image of (a) CNT:24:25, (b) CNT:24:50 and (c,d) CNT:24:70 …..75 
Figure 4.5a:   TGA profile of oxidized CNTs recorded in air……………..……………76 
Figure 4.5b:   The derivative plot of oxidized CNTs recorded in air…………...………77 
Figure 4.6a:   Raman spectra of oxidized CNTs..............................................................78 
Figure 4.6b:  The plot of ID/IG (Raman) vs temperature maxima (derivative TGA) of the 
purified and oxidized CNTs………………………………...……………79 
Figure 4.7:  TEM image of f-CNTs and the histogram showing the diameter 
measurements of the tubes…………………………………….…………80 
Figure 4.8a:   TGA plot of f-CNTs and CNT:24:70 recorded in air……..…..…………81 
Figure 4.8b:   TGA plot of f-CNTs recorded under nitrogen...........................................82 
Figure 4.9:   Raman spectra of f-CNTs..........................................................................83 
Figure 4.10:   Picture of PTh (a) and its TEM image …………………………..………84 
Figure 4.11a:  TGA of PTh recorded under Air (a) and the derivative TGA plot of PTh 
(b)……………………………………………………………………...…84 
Figure 4.11b:  TGA plot of PTh run in nitrogen………………………………………...85 
xiv | P a g e  
 
Figure 4.12:   Raman spectra of PTh……………………………………………………86 
Figure 4.13a:   FTIR spectra of thiophene……………………………………….………87 
Figure 4.13b:  FTIR spectra of PTh………………………………………………...……88 
Figure 4.14:   SEM image of PTh………………………………………….……………89 
Figure 4.15:  TEM image of f-CNT/PTh and the histogram showing the diameter 
measurements of the tubes……………………………………………….90 
Figure 4.16a:   TGA plot of PTh and f-CNT/PTh recorded in air…………………..……91 
Figure 4.16b:  Derivative TGA plot of PTh and f-CNT/PTh……………………………91 
Figure 4.17:   Raman spectra of f-CNT/PTh……………………………………………92 
Figure 4.18:   TEM image of CNT/PTh nanocomposites………………………………93 
Figure 4.19a: TEM image of as-synthesized N-CNTs and a histogram showing the 
diameter measurements of the product…………………………..………95 
Figure 4.19b:  High magnification TEM image of N-CNT/PTh showing bamboo 
compartments………………………………………………………….…96 
Figure 4.19c:   TEM image of purified N-CNTs…………………………………………97 
Figure 4.20:   SEM image of purified N-CNTs…………………………………………97 
Figure 4.21:   TGA plot of the N-CNTs and the derivative plot (b) recorded in air……98 
Figure 4.22:  Raman spectra of N-CNTs…………………….…………………………98 
Figure 4.23:  TEM image of f-N-CNTs and histogram showing the diameter distribution 
of these materials……………………………………………...………..100 
Figure 4.24a:  TGA profiles of f-N-CNTs and the corresponding derivative plots 
recorded in air………………………………………………………..…101 
Figure 4.24b:  TGA profiles for unfunctionalized and functionalized N-CNTs, recorded 
in nitrogen………………………………………………………………102 
Figure 4.25:  Raman spectra of unfunctionalized and f-N-CNTs……….……………103 
Figure 4.26:  TEM image of (A) 1:10:1, (B) 1:10:12 and (C) 1:10:24 and the 
corresponding diameter measurements (shown in the form of 
histograms)……………………………………………………………...105 
Figure 4.27:  Schematic representation of f-N-CNT/PTh showing the polymer thickness 
and the overall f-N-CNT/PTh diameter………………………………...106 
xv | P a g e  
 
Figure 4.28:  Histograms showing the thickness of the polymer for (a) 1:10:1, (b) 
1:10:12 and (c) 1:10:24…………………………………………………107  
Figure 4.29a:   TGA plot of (a) 1:10:1, (b) 1:10:12 and (c) 1:10:24……………………107 
Figure 4.29b:  Derivative TGA plot of (a) 1:10:1, (b) 1:10:12 and (c) 1:10:24…….….108 
Figure 4.30:  TEM images of (A) 1:3:1, (B) 1:10:1 and (C) 1:20:1  (i.e. polymerization 
reaction was performed for 1 h), together with their corresponding 
diameter measurements (shown in the form of histograms)……………109 
Figure 4.31:  Histograms showing the measurement of polymer thickness attached onto 
nanotubes with (a) 1:3:1, (b) 1:10:1 and (c) 1:20:1.……………………110 
Figure 4.32:  TEM images of (A) 1:3:12, (B) 1:10:12 and (C) 1:20:12 (i.e. the 
polymerization reaction performed for 12 h), together with their 
corresponding diameter measurements (shown in the form of 
histograms)……………………………………………………………...111 
Figure 4.33:  Histograms showing the measurement of polymer thickness attached on to 
nanotubes with (a) 1:3:12, (b) 1:10:12 and (c) 1:20:12……………...…112 
Figure 4.34:  TEM images of (A) 1:3:24, (B) 1:10:24 and (C) 1:20:24 (i.e. 
polymerization reaction was performed for 24 h), and their corresponding 
diameter measurements (histograms)……………………………..……113 
Figure 4.35:   TEM image of 1:3:24:L…………………………………………...……116 
Figure 4.36a:  TGA plot of f-N-CNTs and f-N-CNT/PTh, and their corresponding 
derivative plots recorded in air…………………………………………117 
Figure 4.36b:  TGA plot of pure PTh and f-N-CNT/PTh and the corresponding derivative 
plot recorded in air………………………………………………...……118 
Figure 4.36c:   TGA plots of f-N-CNTs and f-N-CNT/PTh run in nitrogen……………119 
Figure 4.36d:  TGA plots of pure PTh and f-N-CNT/PTh run in nitrogen…….………119 
Figure 4.37:   Raman spectra of PTh and f-N-CNT/PTh…………………………...…120 
Figure 4.38:   SEM image of f-N-CNT/PTh………………………………………...…121 
Figure 4.39:  TEM image of the N-CNT/PTh nanocomposite and the histogram showing 
the diameters of the composites…………………………………...……122 
Figure 4.40:  TGA plot of N-CNT/PTh and f-N-CNT/PTh and the corresponding 
derivative plot recorded in air…..………………………………………123 
xvi | P a g e  
 
CHAPTER FIVE 
Figure 5.1:   Structure of poly(3-hexylthiophene) …………………………...………131 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xvii | P a g e  
 
LIST OF TABLES 
 
CHAPTER FOUR 
Table 4.1a:   Yield of CNTs using 5 % Fe/Co on CaCO3………………...……………68 
Table 4.1b:   Yield of CNTs using 10 % Fe/Co on CaCO3………………………….…68 
Table 4.2:  Amount of acid groups attached onto CNTs at different temperatures….76 
Table 4.3:  Summary of Raman data of purified and oxidized CNTs..........................78 
Table 4.4:  Summary of elemental analysis of PTh…………………….……………89 
Table 4.5:   Summary of elemental analysis of N-CNTs……………………..………99 
Table 4.6:   Elemental analysis data for unfunctionalized-N-CNTs and f-N-CNTs...103 
Table 4.7a: Polymerization of 1:3 (by weight) ratio of f-N-CNTs to thiophene 
monomer at different time intervals………………………………….…114 
Table 4.7b:  Polymerization of 1:10 (by weight) ratio of f-N-CNTs to thiophene 
monomer at different time intervals…………………………………….114 
Table 4.7c:  Polymerization of 1:20 (by weight) ratio of f-N-CNTs to thiophene 
monomer at different time intervals……………………………………115 
Table 4.8:   Elemental analysis of the three samples……………………………..…121 
Table 4.9:   Elemental analysis results for the nanocomposites…………………..…124 
 
 
 
 
 
 
 
 
 
 
 
xviii | P a g e  
 
LIST OF REACTION SCHEMES 
 
 
CHAPTER TWO 
Scheme 2.1:   The purification process for SWCNTs………………………………..…20 
Scheme 2.2:   Synthesis of the poly[3-(2-hydroxyethyl)-2.5-thienylene]........................37 
Scheme 2.3:  Schematic view of the process for SWNTs coated with conducting 
PTh……………………………………………………………………….39 
Scheme 2.4:   Schematic representation of the formation of SWNT-PTh composites….39 
 
CHAPTER THREE 
Scheme 3.1:   Covalent functionalization of CNTs..........................................................53 
Scheme 3.2:   Polymerization of thiophene .....................................................................54 
Scheme 3.3:   Synthesis of f-CNT/PTh…………………………………………………55 
Scheme 3.4:   1,3-Cycloaddition on C60 (Prato reaction)………………………………61 
Scheme 3.5:   The Prato reaction, functionalization of N-CNTs………………..………62 
Scheme 3.6:   Synthesis of PTh (a) and f- N-CNT/PTh (b)………………………..……63 
 
CHAPTER FOUR 
Scheme 4.1:   Covalent functionalization of CNTs..........................................................80 
Scheme 4.2:  The Prato reaction, functionalization of N-CNTs………….…………….99 
 
 
 
 
 
 
 
xix | P a g e  
 
NOMENCLATURE 
 
CNT:24:25:  CNTs oxidized for 24 h at 25 oC 
CNT:24:50:  CNTs oxidized for 24 h at 50 oC 
CNT:24:70:  CNTs oxidized for 24 h at 70 oC 
f-CNT(s):  Functionalized carbon nanotube(s) 
f-CNT/PTh:  Functionalized  carbon nanotube/polythiophene 
f-N-CNT(s):  Functionalized nitrogen-doped carbon nanotube(s) 
f-N-CNT/PTh: Functionalized nitrogen doped carbon nanotube/polythiophene 
N-CNF(s):  Nitrogen-doped carbon nanofibre(s) 
N-CNT(s):  Nitrogen-doped carbon nanotube(s) 
1:3:1: f-N-CNT/PTh polymerized with 1:3 ratio of CNTs to thiophene monomer 
(by weight) for 1 h. 
1:3:10: f-N-CNT/PTh polymerized with 1:3 ratio of CNTs to thiophene monomer 
(by weight) for 12 h. 
1:3:24:  f-N-CNT/PTh polymerized with 1:3 ratio of CNTs to thiophene monomer 
(by weight) for 24 h. 
1:10:1: f-N-CNT/PTh polymerized with 1:10 ratio of CNTs to thiophene 
monomer (by weight) for 1 h. 
1:10:12: f-N-CNT/PTh polymerized with 1:10 ratio of CNTs to thiophene 
monomer (by weight) for 12 h. 
1:10:24: f-N-CNT/PTh polymerized with 1:10 ratio of CNTs to thiophene 
monomer (by weight) for 24 h. 
1:20:1: f-N-CNT/PTh polymerized with 1:20 ratio of CNTs to thiophene 
monomer (by weight) for 1 h. 
1:20:10: f-N-CNT/PTh polymerized with 1:20 ratio of CNTs to thiophene 
monomer (by weight) for 12 h. 
1:20:24: f-N-CNT/PTh polymerized with 1:20 ratio of CNTs to thiophene 
monomer (by weight) for 24 h. 
xx | P a g e  
 
1:3:24:L: f-N-CNT/PTh polymerized with 1:3 ratio of CNTs to thiophene  monomer 
(by weight) for 24 h, with low FeCl3 content. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xxi | P a g e  
 
LIST OF ABBREVIATIONS 
 
Ǻ:   Angstrom 
a.u:   Arbitrary unit 
ca:   approximately 
cm:   Centimeters 
CNT(s):  Carbon nanotube(s) 
CVD:   Chemical vapor deposition 
DCB:   Dichlorobenzene 
DMF:   Dimethylformamide 
DOS:   One-dimensional density of state 
EA:   Elemental analysis 
FTIR:   Fourier-transform infrared spectroscopy 
g:   Grams 
Gpa:   Gigapascals 
h:   Hour 
HH:   head-head 
HT:   head-tail 
ID/IG:    Ratio of the intensity of D- and G-band 
mEq:   milliequivalent(s) 
mL:   milliliter(s) 
mol:   Moles 
MWNT(s):  Multiwalled carbon nanotubes(s) 
No:   Number 
nm:   Nanometers  
OFET:   Organic field-effect transistors 
PHET:   Poly[3-(2-hydroxyethyl)-2.5-thienylene] 
PTh(s):  Polythiophene(s)  
PPP:   Polyparaphenylene 
PV(s):   Photovoltaic(s) 
P3HT:   Poly(3-hexylthiophene) 
xxii | P a g e  
 
SA:   South Africa 
SEM:   Scanning electron microscope 
STM:   Scanning tunneling microscope 
SWNT(s):  Single-walled carbon nanotubes(s) 
TEM:   Transmission electron microscope 
TGA:   Thermal gravimetric analysis 
THF:   Tetrahydrofuran 
TT:   tail-tail 
 
 
 
 
 
 
 
 
 
 
 
 
                                         
 
 
 
 
 
 
 
 
 
                                                                                                                                                                                              
1 | P a g e  
 
CHAPTER ONE 
INTRODUCTION 
 
1.1 Introduction 
This chapter gives a brief overview and history of nanotechnology and carbon nanotechnology. 
Also presented in this chapter is a motivation that describes what inspired this particular research 
project. This is then followed by the aims and objectives of the study, and finally the chapter 
presents the layout of the dissertation. 
1.2 An overview of nanotechnology 
Nanotechnology, a term encompassing the science, engineering, and applications of submicron 
materials, can be defined as the study of the control of matter on an atomic and molecular  
scale.1,2 It involves the harnessing of unique physical, chemical and biological properties of 
nanoscale substances in fundamentally new and useful ways. The economic and societal promise 
of nanotechnology has led to substantial and continued investments by governments and 
companies around the world.3 
The first use of the concepts in nano-technology was outlined in “There’s Plenty of Room at the 
Bottom”, a talk given by physicist Richard Feynman at an American Physical Society meeting at 
Caltech on December 29, 1959.4,5 Feynman described a process by which the ability to 
manipulate individual atoms and molecules might be developed, using one tools to build and 
operate a smaller set, and so on down the scale. Generally, nanotechnology deals with structures 
of the sizes less than or equal to 100 nm and involves developing materials or devices within that 
size range.1 The three key elements of nanotechnology are: 2 
1. Matters at nanoscale exhibit novel physical and chemical phenomena, properties and 
functions, which are not scalable outside the nanometer domain. 
2. Nanotechnology allows scientist to measure, control, and manipulate matter at the 
nanoscale to change those properties and functions. 
2 | P a g e  
 
3. It allows integration along length scales of nanomaterials for broad fields of applications 
by taking advantage of the unique properties of nanomaterials. 
1.2.1 Carbon nanotechnology 
If it were not for the discoveries of C60 in 19856 and carbon nanotubes in 19917, the emergence 
of nanotechnology may have been delayed by at least a few decades. The impact was so big that 
C60 and carbon nanotubes continue to occupy major positions in the international research arena 
long after the initiative in nanotechnology was taken over on a national scale by many countries.8  
Following the discovery of fullerene, a form of carbon with a discrete molecular species, and 
carbon nanotubes, a form of carbon with hollow tubular structure whose surface represents a 
continuous honeycomb lattice of bonded atoms, carbon nanotechnology has become a 
dominating subject in the field  of nanotechnology.9  Pure carbon is available in a number of 
different forms (allotropes). The most common form of pure carbon, which is also the most 
thermodynamically stable form, is graphite. Diamond is a second form of carbon, but is much 
less common and other forms of carbon which are amorphous in nature includes soot and 
lampblack, which consist of very small particles of graphite. Recently, another allotrope of 
carbon was characterized: the fullerenes.10,11 
1.3 Motivation 
Electricity is one of the most versatile and important sources of energy. Industries and most 
infrastructures rely on electricity for their day-to-day operation and it can directly impact on the 
economic growth of a country. South Africa (SA) and many other countries are faced with the 
high demand of electricity due to increased industrialization and urban growth. It is used in 
homes for preserving and preparing food. Electricity is generated by various procedures. In SA 
the main source is derived from coal. Coal in SA is cheap and abundant, however there are 
environmental costs associated with coal and those includes the generation of acidic gases such 
as SOX and NOX as well as carbon dioxide (CO2). Due to the problem associated with CO2 
generation and its link to global warming, alternative sources of electricity (and energy in 
general) are being sought. One of these sources is from the sun. The energy of the sun can be 
used simply to heat water and in this way the sun’s energy is used as a thermal source of energy. 
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An alternative is to use the sun’s energy to generate electricity through a photovoltaic (PV) 
process. 
PV has shown considerable potential and could substantially supplement the current coal source 
used to generate electricity in SA. The use of PV can avoid most of the pollution threats 
associated with our present techniques of electricity production and it also has many other 
benefits. The PV approach can generate electricity for the human race for a wide range of 
applications, scales, climates, and geographic locations. Another advantage of PV is that it does 
not, as mentioned use fossil fuels (coal, oil or natural gas) which upon burning release green 
house gases such as CO2. It is considered one of the cleanest forms of electricity generation.  
PVs can bring electricity to a rural homemaker who lives 100 kilometers away from the nearest 
electric grid connection in her country, thus allowing her family to have clean illumination by 
electricity instead of from kerosene lamps, to listen to a radio, and to run a sewing machine for 
additional income. Further, PVs can provide electricity to remote transmitter stations in the 
mountains allowing better communication without building a road to deliver diesel fuel for a 
generator.12 
 PV solar cell construction is dominated by solid state junction devices made of silicon wafers. 
The chemistry behind solar cell technology lies in the type of charge that is generated when 
sunlight hits the cell. In silicon-based solar cells when light strikes a semi-conductor an excited 
electron and its corresponding hole are formed and are immediately separated and can easily 
travel away from each other. Alternative to silicon, which are being used for light capture, these 
new materials include organic semiconductors. These semiconductors will also allow for 
electron/hole generation. If the new materials are attached to efficient transport material, then 
electron conduction will be made easier. The new transport materials studied today are based on 
carbon materials such as fullerenes and carbon nanotubes (CNTs). In the new solar cells the 
charge that is generated is known as an exciton, an electron/hole pair that is bound by Coulomb 
forces and cannot travel far without recombining (thus losing energy).13 CNTs can be integrated 
into organic PV devices both as electron acceptor materials and as a transparent electrode. They 
can efficiently transport electrons, and can also provide a high electric field at a 
polymer/nanotube interface, which favours exciton dissociation. Excitonic solar cells are 
promising devices for inexpensive, large scale solar energy conversion.14 
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In this study an approach to making materials for use in photovoltaic solar cells has been 
undertaken via the use of nanotechnology, by synthesizing CNT-polythiophene nanostructures, 
for conversion of sunlight into electric power.  
1.4 Objectives of the study 
The objectives of this research are as follows: 
1. To synthesize carbon nanotubes (both in the doped and undoped state) using a chemical 
vapour deposition (CVD) method. 
2. To functionalize CNTs by different procedures and use the CNTs to make CNT/PTh 
nanostructures. 
3. To characterize the carbon nanotubes and the functionalized materials using various 
techniques such as thermal analysis, Transmission electron microscopy (TEM), Raman 
spectroscopy, etc. 
4. To study the properties of the materials formed by incorporating CNTs into conductive 
polymers. 
1.5        Outline of the dissertation  
An outline of this dissertation is given below: 
Chapter 1 (Introduction) - This introductory chapter gives an insight into the research work 
that was carried out and its importance. Also presented in this chapter is the problem 
statement, motivation and objectives of the study. 
Chapter 2 (Literature review) - A review of the literature pertaining to carbon nanotubes, 
conductive polymers and their applications in photovoltaic solar cells are presented. 
Chapter 3 (Experimental methodology) - The experimental procedures and all analytical 
techniques that were used in this study are presented and described in this chapter. 
Chapter 4 (Results and discussions) - The results obtained in this study, together with their 
discussion and interpretation are presented in this chapter. 
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Chapter 5 (Conclusions) - Based on the results obtained with respect to the objectives of the 
study, this last chapter of the dissertation presents the conclusions drawn out of the study and 
gives recommendations for future work. 
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CHAPTER TWO 
LITERATURE REVIEW 
 
2.1  Introduction 
 
This chapter focuses on the literature associated with carbon nanotechnology and conducting 
polymers. A literature review on various aspects of carbon nanotubes and conductive polymers is 
thus given. The core of this study, which is mainly on the formation of carbon nanotube-polymer 
interactions, is also reviewed. The chapter concludes with a review of the applications of 
materials formed by incorporating carbon nanotubes into conductive polymers in solar cells. 
2.2 Carbon nanomaterials: Why carbon? 
 
Carbon-based materials, clusters and molecules are unique in many ways. One distinction relates 
to the many possible configurations of the electronic states of a carbon atom, which is associated 
with the hybridization of atomic orbitals. This has to do with the bonding of a carbon atom to its 
nearest neighbours.1,2 
Carbon is the sixth element of the Periodic Table and has the lowest atomic number of any 
element in group 4 of the periodic table. Each carbon atom has six electrons which occupy 1s2, 
2s2 and 2p2 atomic orbitals. The 1s2 orbital contains two strongly bound core electrons. Four 
more weakly bound electrons occupy the 2s2 and 2p2 valence orbitals. In the crystalline phase, 
the valence electrons give rise to 2s, 2px, 2py and 2pz orbitals which are responsible for forming 
covalent bonds in carbon materials. Since the energy difference between the upper 2p energy 
levels and the lower 2s level in carbon is small, compared with the binding energy associated 
with chemical bonds, the electronic wave functions for these four electrons can readily mix with 
each other, thereby changing the occupation of the 2s and three 2p atomic orbitals. This enhances 
the binding energy of the C atom with its neighboring atoms.1-2 A discussion on one form of 
carbon based materials, involving C-C bonding interactions, carbon nanotubes, is presented in 
the following sections. 
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 2.3 Carbon Nanotubes 
2.3.1 History and Discovery 
The current huge interest in carbon nanotubes (CNTs) is a direct consequence of the synthesis of 
buckminsterfullerene, C60, and other fullerenes, in 1985.3 The discovery that carbon could form 
stable, ordered structures, other than found in graphite and diamond, stimulated researchers 
worldwide to search for other new forms of carbon. The search was given new impetus when it 
was shown in 1990 that C60 could be produced in a simple arc-evaporation apparatus readily 
available in all laboratories. It was such an evaporator that was used by Iijima when he 
discovered fullerene-related carbon nanotubes in 1991.4 The tubes contained at least two carbon 
layers, often many more, and ranged in outer diameter from about 3 nm to 30 nm. The tubes 
were invariably closed at both ends. 
Since their discovery, CNTs have attracted considerable interest over the past eighteen years.5-7 
This is because of their unique structures, outstanding electrical and mechanical properties, 
structural properties and potential applications. They are extremely promising as materials for 
applications in materials science and medicinal chemistry.8 
2.3.2 Structure and classification 
Ideal CNTs may be described as nanoscale graphene cylinders that are closed at each end by half 
a fullerene molecule.9 Structures comprising of only one cylinder are termed single wall carbon 
nanotubes (SWNTs), whereas multi-wall carbon nanotubes (MWNTs) contain two or more 
concentric cylinders (Figure 2.1).10 SWNTs can be thought of as a graphene sheet wound around 
the surface of an invisible cylinder. The interatomic C–C distance is 1.44 Å (vs. 1.42 Å in 
graphite). In the case of MWNTs, the spacing between two concentric cylinders is about 3.4 Å. 
The diameter of these nanotubes varies in the nanometer scale and their length can reach some 
micrometers.10 
 
 
 
  
 
 
 
 
 
 
Figure 2.1: Cartoons of Single
An important characteristic of the SWNTs is the helicity that desc
rolled up around the tube axis. The helicity is defined by the chiral vector
lattice, Ch=nâ1 + mâ2, where 
Depending on the “wrapping vector” of the graphene sheet, SW
geometries (Figure 2.2).10 The different SWNTs can
1) ‘zigzag’ nanotubes corresponding to (
2) ‘armchair’ nanotubes having (
3) ‘chiral’ nanotubes having generic values of 
In addition, depending on the arrangement of the hexagon rings along the tubular surface, CNTs 
can be metallic or semiconducting.
 
-walled (a) and Multiwalled (b) CNTs
ribes how the graphene sheet is 
â1 and â2 are primitive vectors, n and 
NTs can have different 
 therefore be grouped into three classes:
n,0) or (0,m); 
n,n); 
n and m (n≠ m) 
16 
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, Ch, of the hexagonal 
m being integers.11-12 
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Figure 2.2: Models of nanotubes with different helicities showing the rolling of a graphene sheet 
along different chiral vectors10 
2.3.3 Properties of carbon nanotubes 
The cylindrically arranged carbon atoms that form carbon nanotubes have novel properties that 
make them potentially useful in many applications in nanotechnology, electronics, optics and 
other fields of materials science. They also have potential uses in architectural fields. Some of 
the properties of CNTs are described below. 
2.3.3.1 Thermal properties 
The thermal conductivity and thermal expansion of carbon nanotubes are fundamentally 
interesting and technologically important properties. At this stage, possible behavior can be 
inferred from the known in-plane properties of graphite. The in-plane thermal conductivity of 
pyrolytic graphite is very high, second only to type II-a diamond, which has the highest 
measured thermal conductivity of any material. The c-axis thermal conductivity of graphite is 
very low due to the weakly bound layers which are attracted to each other only by van der Waals 
forces. Therefore, it is possible that the on-axis thermal conductivity of carbon nanotubes could 
exceed that of type II-a diamond.17 
All nanotubes are expected to be very good thermal conductors along the tube, exhibiting a 
property known as "ballistic conduction", but are good insulators lateral to the tube axis. It is 
predicted that carbon nanotubes can transmit up to 6000 W.m-1.K-1 at room temperature. This is 
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very high compared to copper, a metal well-known for its good thermal conductivity, which 
transmits 385 W.m-1.K-1. In addition, the temperature stability of carbon nanotubes is estimated 
to be up to 2800 °C in vacuum and about 750 °C in air.18 
2.3.3.2 Electrical properties 
Because of the symmetry and unique electronic structure of graphene, the structure of a nanotube 
strongly affects its electrical properties. For a given (n,m) nanotube, if n = m, the nanotube is 
metallic; if n - m is a multiple of 2, then the nanotube is semiconducting with a very small band 
gap, otherwise the nanotube is a moderate semiconductor. Thus all armchair (n = m) nanotubes 
are metallic, and nanotubes (5,0), (6,4), (9,1), etc. are semiconducting. In theory, metallic 
nanotubes can carry an electrical current density of 4 × 109 A cm-2 which is more than 1,000 
times greater than metals such as copper.19 
SWNTs have excellent electronic properties; they have a carrier mobility of ~10,000 cm2 V-1.s-1, 
which is better than that of silicon, and they can carry an electrical current density of                 
~4 × 109 A cm-2, which is three orders of magnitude higher than a typical metal, such as copper 
or aluminium. Moreover, they are flexible owing to their small diameter. SWNTs are therefore 
an ideal candidate material for high-performance, high-power, flexible electronics.19 
2.3.3.3 Optical properties 
Optical properties of carbon nanotubes derive from electronic transitions within one-dimensional 
density of states (DOS).20 The sharp peaks found in one-dimensional materials are called Van 
Hove singularities (Figure 2.3)20 which result in the following remarkable optical properties of 
carbon nanotubes: 
Optical transitions occur between the v1 - c1, v2 - c2, etc., states of semiconducting or metallic 
nanotubes and are traditionally labeled as S11, S22 and M11 or E11, E22, if the "conductivity" of the 
tube is unknown or unimportant. Crossover transitions c1 - v2, c2 - v1, etc., are dipole-forbidden 
and thus are extremely weak, but they can be possibly observed using a cross-polarized optical 
geometry.  
 
 Figure 2.3: Van Hove singularities of metallic and semiconducting SWNT
The energies between the Van Hove singularities depend on the nanotube structure. Thus
varying this structure, one can tune the optoelectron
rather sharp (~10 meV) and strong. Consequently, it is relatively easy to selective
nanotubes having certain (n, 
nanotubes.20,21 
2.3.3.4 Mechanical properties
Carbon nanotubes are the strongest and stiffest materials yet discovered in terms of tensile 
strength and elastic modulus respectively. This strength results from the covalent sp² bonds 
formed between the individual carbon atoms. In 2000,
found to have a tensile strength of 63
the ability to endure tension of 6300
nanotubes have a low density for a solid, of 1.3 to 1.4
48,000 kN.m.kg-1 is the best of known materials, even when 
(154 kN.m.kg-1). 
Under excessive tensile strain, the tubes will undergo plastic deformatio
deformation is permanent. This deformation begins at strains of approximately 5% and can 
increase the maximum strain the tube can
CNTs are not nearly as strong under compression. Becaus
ic properties of CNTs. Optical transitions are 
m) indexes, as well as to detect optical signals
 
 a multi-walled carbon nanotube was 
 gigapascals (GPa).23,24 (This, for illustration, translates into 
 kg on a cable with cross-section of 1 mm
 g.cm-3,22 its speci
compared to high
 undergo before fracture by releasing strain energy.
e of their hollow structure and high 
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aspect ratio, they tend to undergo buckling when placed under compressive, torsional or bending 
stress. This referred to axial properties of the nanotube, whereas simple geometrical 
considerations suggest that carbon nanotubes should be much softer in the radial direction than 
along the tube axis. Nanoindentation experiments, performed by several groups on MWNTs, 
indicated a Young's modulus of the order of several GPa confirming that CNTs are soft in the 
radial direction.23,24 
2.3.4 Application of carbon nanotubes  
The strength and flexibility of carbon nanotubes makes them potentially useful in controlling 
other nanoscale structures, which suggests that they could play an important role in 
nanotechnology engineering.20 The major applications that may arise from the intrinsic 
advantage of nanotubes are in the broad areas of electronics, energy, composites, sensors, field 
emission, biology and other miscellaneous fields. Extensive studies are also underway to explore 
the use of CNTs in nanosensors, electronic devices, and gas storage devices. 
Conventional carbon materials have been utilized either as electrode materials or as the 
conductive filler for the active materials in various electrochemical energy-storage systems due 
to their good chemical stability and high electrical conductivity.25 Therefore, it is natural that 
carbon nanotubes have been adopted as a preferred alternative electrode material because they 
have unique electrical and electronic properties, a wide electrochemical-stability window and a 
highly accessible surface area. With regard to energy generation and storage, nanotubes show 
great promise in supercapacitors, Li-ion batteries, solar cells and fuel cells; energy applications 
could therefore become the largest domain in the bulk application of nanotubes.  
Based on this property, this dissertation study seeks to investigate the use of CNTs in polymer 
composites for application in photovoltaic solar cells. It has also been reported that CNTs can 
improve the thermal stability of the polymers.26 CNTs, however, require modification of their 
surfaces to suit some of the applications. 
2.3.5 Production of carbon nanotubes 
CNTs were first observed in a laser discharge method, which was originally being used for the 
production of fullerenes.14 Due to their properties and potential applications in several 
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technological fields, many attempts have been made to synthesize CNTs by different methods. In 
order to optimize the carbon nanotube yield and quality, three main production methods,          
arc-discharge, laser ablation and chemical vapor deposition, have been used up to now for their 
synthesis.27 These are shown diagrammatically in Figure 2.4. 
 
                               
 
 
Figure 2.4: Three main production methods of CNTs27 
2.3.5.1 Arc discharge 
The carbon arc discharge method, initially used for producing C60, is a common and easy way to 
produce CNTs, as it is a rather simple process.28-30 
However, it is a technique that produces a complex mixture of components that requires further 
purification to separate the CNTs from the soot and the residual catalytic metals present in the 
crude product. An arc discharge is an electrical break-down of a gas. When DC voltage power is 
applied, an arc occurs in the gas-filled space between the graphite cathode and the graphite 
anode, and it results in a very high temperature. A large electron current from the arc-discharge 
bombards the anode, which usually contains a catalyst such as cobalt and nickel. When carbon 
clusters are formed by the collision cool and condense on the cathode, they combine to form 
carbon nanotubes.  
2.3.5.2 Laser ablation method 
The laser ablation method uses a laser to evaporate a graphite target which is usually filled with a 
catalyst metal powder.31,32 In this process, a laser pulse heats the target surface containing 
graphite and finely divided powders of typically nickel or cobalt. A hot vapor plume is formed 
that expands and cools rapidly. As the vaporized species cool, small carbon molecules and atoms 
quickly condense to form large clusters. During laser ablation, a flow of inert gas is passed 
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through the growth chamber to carry the grown nanotubes downstream to be collected on a cold 
finger.  From these initial clusters, tubular molecules grow into carbon nanotubes. This method is 
mainly used for the production of single walled carbon nanotubes. The produced SWNTs are 
mostly in the form of ropes consisting of tens of individual nanotubes which are hexagonally 
packed and stabilized through van der Waals interactions (Figure. 2.5).27  
 
 
 
 
 
Figure 2.5: Single-walled nanotubes grown by laser ablation27 
Arc-discharge and laser vaporization tend to produce an ensemble of carbonaceous material 
which contains nanotubes (30-70 %). However, both methods suffer from drawbacks. The first is 
that both methods involve evaporating the carbon source, so it has been unclear how to scale up 
production to an industrial level using these approaches. The second issue relates to the fact that 
vaporization methods grow CNTs mixed with unwanted forms of carbon and/or metal species. 
The CNTs produced must then be extracted by some form of purification process before being 
manipulated for specific applications.  
2.3.5.3 Chemical Vapor Deposition 
Chemical vapor deposition (CVD) of hydrocarbons over a metal catalyst is a classical method 
that has been used to produce various carbon materials such as carbon fibers and filaments for 
many decades. The CVD process offers a promising route to the bulk production of cheap and 
high purity CNTs.9,10,33-37 Here the growth process typically involves heating a catalyst material 
to high temperatures in a tube furnace, followed by passing a hydrocarbon gas through the tube 
reactor for a period of time. The catalyst decomposes the hydrocarbon gas to produce carbon and 
hydrogen. The carbon dissolves into the particle and precipitates out on its circumference as the 
carbon nanotube. The catalyst thus acts as a template from which the carbon nanotubes are 
16 | P a g e  
 
formed, and by controlling the catalyst size and reaction time, one can tailor the nanotube 
diameter. Materials grown over the catalyst are collected upon cooling the system to room 
temperature. The key parameters in nanotube CVD growth are the hydrocarbons, catalysts and 
growth temperatures used in the process. 
Two modes, namely base growth and tip growth have been proposed to explain the growth of 
CNTs. The modes depend on the interaction between the catalyst and its support (Figure 2.6).39 
Strong interactions can anchor the catalyst and induce the base growth mode while weak 
interactions cause the tip growth mode. The tip growth mode is confirmed by the presence of the 
metal particles being found at the tips of the nanotubes, while the metal particles remain attached 
to the substrate in the base growth mode.27,38,39 
 
Figure 2.6: Schematic representation of the two growth modes commonly considered for CNTs: 
base growth and tip growth39 
Of the various means of nanotube synthesis, CVD is capable of being scaled up to an industrial-
scale because of its simplicity and price/unit ratio issues. It is capable of growing nanotubes 
directly on a desired substrate, whereas the nanotubes must be collected in the other growth 
techniques. The growth sites are controllable by careful deposition of the catalyst. By 
considering these attributes as compared to the other growth techniques, it was therefore 
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considered worthwhile using the chemical vapor deposition method for the synthesis of MWNTs 
required in this study. 
2.4 Doping CNTs 
Doping of materials has mainly been used in semiconductor production and can be defined as the 
process of intentionally introducing impurities into an extremely pure semiconductor to change 
its electrical properties.40 Introduction of foreign elements such as nitrogen and boron into the 
CNT lattice can tune the electronic properties of CNTs. 
CNTs can act as semiconducting wires in tiny, high-performance transistors. Unfortunately, 
current methods used for synthesizing CNTs yield semiconducting nanotubes mixed with 
metallic nanotubes, which is not conducive or suitable for device applications. Bai and Wang 
have produced high yields of semiconducting CNTs, where the CNTs were doped with boron 
and nitrogen.41 The doping introduced a semiconductor band gap, meaning that the top electrons 
in the nanotube had slightly lower energy than that required for conducting electricity. 
Studies on extrinsically doped carbon nanotubes have also been reported.42,43 Among all the 
doped CNTs, the N-doped CNTs are of special interest in both fundamental and application 
studies.44 One characteristic of the nitrogen incorporation into CNTs lattice is the bamboo shaped 
structures that are observed in the inner tube.  
2.4.1 Nitrogen-doping methods 
Nitrogen-doping of carbon nanostructure materials can be categorized as follows:45 (i) doping 
directly during the synthesis of carbon nanostructure materials, which can be called “in situ” 
doping; and (ii) post-treatment of pre-synthesized carbon nanostructure materials with a 
nitrogen-containing precursor (N2, NH3, etc.), i.e., post-doping. 
The “in situ” doping method is often used in the synthesis of nitrogen-doped carbon nanotubes 
(N-CNTs) and nitrogen-doped carbon nanofibers (N-CNFs). Several reviews have recently been 
published on nitrogen-doped carbon, especially on nitrogen-doped carbon nanotubes.45,46 These 
reviews have listed the methods that have been employed to synthesize nitrogen-doped carbon 
nanotubes.45 They  are similar to those used to synthesize pure carbon nanotubes,15,33,47 and some 
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examples include: (i) high-temperature synthesis methods such as arc-discharge,48,49 and laser 
ablation,50 (ii) low-temperature synthesis methods such as CVD 51 and other modified CVD 
methods such as floating catalyst CVD,52 and  pyrolysis-type CVD,53 (iii) solvothermal synthesis 
methods, which produce stable large diameter nanotubes with very high nitrogen content.54,55 
Post-treatment of carbon materials in a nitrogen-containing atmosphere can also form N-doped 
carbon. Most of the post-doping procedures are carried out in NH3 at high temperatures        
(600-900 °C).56,57 Jiang and Gao showed that the method generates basic nitrogen-containing 
groups (e.g., amines) on the nanotubes, which are hydrophilic to make the CNTs disperse readily 
in aqueous medium.57 
An effective method of controlling the electronic properties of carbon nanotubes is achieved by 
introducing nitrogen during the growth process. The additional electrons contributed by nitrogen 
atoms provide electron carriers for the conduction band;58 N-doped CNTs are found to be either 
metallic or to possess narrow energy gaps,48,59 offering the possibility of greater electrical 
conductivity as compared to pure CNTs. N-CNTs of controlled composition would thus improve 
the fabrication of materials with tailored electronic and mechanical properties   
The use of nitrogen-containing precursors in CVD allows one to synthesize nitrogen-containing 
CNTs (N-CNTs). Stephan et al.  initiated the synthesis of doped MWNTs in 1994; they produced 
boron–nitrogen-doped MWNTs using the arc-discharge method.60 The substitution of carbon 
atoms with boron or nitrogen dopands modifies the electrical and structural properties of CNTs 
as well as giving them the characteristic bamboo-shaped structures. These features can be seen in 
Figure 2.7.46 
 
 
 
 
 
Figure 2.7: TEM image of N-CNTs grown from FcH (2.5 wt.%)/PhNH2 (5 wt.%)46 
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2.5 Purification of carbon nanotubes 
Almost all techniques used for the growth of CNTs, including the CVD process, produce CNTs 
that contain impurities. Most notable are residual catalyst metal particles and in some cases 
unwanted carbonaceous by-products such as amorphous carbon.34,61 A CNT grown by catalytic 
CVD uses metal particles such as Fe, Co and Ni, which are the catalysts needed for their growth. 
Consequently, an effective purification procedure of the nanotubes is required to remove the 
metal particles before further processing. 
One method used for the purification of carbon nanotubes is through thermal oxidation in air to 
remove amorphous carbon, prior to the removal of metal catalyst by sonication in a non 
oxidising acid solution such as hydrochloric acid, see process described in Scheme 2.1.35 These 
steps often create defects onto the surface of the nanotubes but by annealing at a temperature in 
excess of 1000 oC in vacuum, most of the defects created can be removed. Procedures for the 
synthesis of large quantities of nanotubes invariably deliver bundles, which are composed of up 
to hundreds of single nanotubes. However, to enable easy access for chemical reagents, it is 
advantageous to have individually dispersed nanotubes instead of bundles. For this purpose, 
ultrasonic treatment of the CNTs in an aqueous surfactant solution has been shown to be 
effective.35  
Treatment in a mild oxidising acid solution is often preferred to remove the residual metal 
catalyst from the carbon nanotubes. However, while removing impurities, this method of 
purification can introduce some functional groups onto the walls of the materials. Porro et al.34 
reported the successful purification of MWNTs by acid treatment using HSO3Cl or a 1:3 mixture 
of HNO3:H2SO4 at room temperature and 70 oC, respectively, or in a basic treatment using an 
excess of NaOH solution at 70 oC.  
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Scheme 2.1: The purification process for SWNTs35 
2.6 Functionalization of CNTs 
The chemical structure of CNTs consists mainly of carbon atoms and they do not have any 
functional groups. This results in their poor processability. To overcome this problem, the 
functionalization and solubilisation of CNTs has received much recent attention.62 In order to 
exploit their potentiality in the development of materials and systems for specific applications, 
CNTs must be chemically activated by attaching certain functional groups to their surface. Some 
functional groups, particularly –COOH and –OH groups are generated by simple 
functionalization techniques. By exploitation of such groups, it is possible to link up CNTs with 
other chemicals and polymers to tailor their properties. 
2.6.1 Fluorination 
Side wall fluorination of CNTs at the temperature range 25 oC to 600 oC has been achieved using 
elemental fluorine (Figure 2.8).16,63-66 The structures of fluorinated CNTs have been investigated 
both experimentally and theoretically. On the basis of STM images and semiempirical 
calculations, Kelly et. al.67 proposed two possible addition patterns, consisting of 1,2-addition or 
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1,4-addition, and concluded that the latter gives the more stable product. Nakajima et al.63 
studied fluorination of CNTs in a wide range of temperatures and it was found that covalently 
fluorinated CNTs could be made between 250 oC and 400 oC. The best results for the side wall 
fluorination of CNTs was reported by Mickelson et al.65 in the temperature range 150 oC and  
400 oC as at higher temperatures the graphitic network decomposed. 
 
 
Figure 2.8: Reaction scheme for fluorination of nanotubes, defunctionalization, and further 
derivatization16 
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The fluorination reaction is very useful because further substitution can be accomplished from 
this resulting material.68 For example, it has been demonstrated that alkyl groups could replace 
the fluorine atoms, using Grignard or organolithium reagents.69,70 The alkylated CNTs could be 
well dispersed in common organic solvents such as THF and could be completely dealkylated 
upon heating at 500 oC in an inert atmosphere, thus allowing for the recovery of pristine CNTs. 
In addition, several diamines or diols were reported to react with fluoronanotubes via 
nucleophilic substitution reactions; such reactions are shown in Figure 2.8.71,72 
2.6.2 Hydrogenation 
Pekker et al.73 reported the hydrogenation of CNTs, by reducing pristine CNT with Li metal and 
methanol dissolved in liquid ammonia (Birch reduction). Using thermogravimetry-mass 
spectrometry analysis, the hydrogenated CNTs were found to have a stoichiometry of C11H. The 
hydrogenated material was found to be stable up to 400 oC. Moreover, CNTs have been 
functionalized with atomic hydrogen using a glow discharge74 or proton bombardment.75 
2.6.3 Cycloadditions 
A cycloaddition results when two or more unsaturated molecules combine to form a cyclic 
adduct into which there is a net reduction of the bond multiplicity. Carbene [2+1] cycloadditions 
to pristine CNT has been employed by the Haddon group.76 Carbenes were generated in situ 
using a chloroform/sodium hydroxide mixture or a phenyl(bromodichloromethyl)mercury 
reagent (Figure 2.9). 76 
 
 
Figure 2.9: Cycloaddition reaction with in situ generated dichlorocarbene76 
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Another example of cycloaddition reactions involves the application of azomethine ylides for the 
functionalization of CNTs, which was first reported by Georgakilas et al.77 The azomethine 
ylides were thermally generated in situ by condensation of an α-amino acid and an aldehyde, and 
were successfully added to the graphitic surface via a 1,3-dipolar cycloaddition reaction, thereby 
forming pyrrolidine fused rings as shown in Figure 2.10.78 The 1,3-dipolar cycloadition reactions 
of azomethine ylides involves planar molecules composed of one nitrogen atom and two terminal 
sp2 carbons. The 1,3-dipolar cycloaddition of azomethine ylides with alkenes or alkynes is a very 
effective method for the construction of pyrrolidine and pyrrole rings in the synthesis of 
pyrrolidine and pyrrole containing molecules. These molecules are motifs found in important 
pharmaceuticals, natural alkaloids, organic catalysts and building blocks in organic synthesis.79 
 
 
Figure 2.10: 1,3-Dipolar cycloaddition of azomethine ylides78 
Various biomolecules such as amino acids, peptides and nucleic acids have also been attached to 
amino-CNTs, see some example shown in Figure 2.11.16 
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Figure 2.11: Reaction pathway for obtaining water-soluble ammonium-modified nanotubes16 
In another approach, Alvaro et al.80(a) modified nanotubes by thermal 1,3-dipolar cycloaddition 
of nitrile imines; the reaction under microwave conditions afforded a functionalized material in 
15 minutes (Figure 2.12).80(b) Photochemical studies showed that, by photoexcitation of the 
modified tubes, electron transfer takes place from the substituent to the graphitic walls.80(a) The 
applicability of the 1,3-dipolar cycloadditions onto the sidewalls of CNT has also been supported 
by theoretical calculations. 
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Figure 2.12: 1,3-Dipolar cycloaddition of nitrile imines to nanotubes80(b) 
The Bingel [2+1] cyclopropanation reaction was also reported by Coleman and co-workers.81  
 
 
 
 
 
 
 
 
 
 
Figure 2.13: Bingel reaction on nanotubes and subsequent attachment to gold nanoparticles 
(represented by a solid line)81 
In this reaction, diethylbromomalonate was used as a formal precursor of carbene. The [2+1] 
addition to CNT dispersed in 1,8-diazobicyclo[5,4,0]-undecene (DBU), afforded the modified 
material. In a subsequent step, the CNTs were reacted with 2-(methylthio)ethanol to give a 
thiolated material. The functional groups on the nanotube surface could be visualized by a 
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tagging technique using chemical binding of gold nanoparticles (Figure 2.13).81 The degree of 
functionalization by the Bingel reaction was estimated to be about 2%. 
2.6.4 Amidation/Esterification reactions 
Up to now, most known production methods for CNTs also generate impurities. As discussed, 
the main byproducts are amorphous carbon and catalyst nanoparticles. The techniques applied 
for the purification of the raw material, such as acid oxidation,82-84 can induce the opening of the 
tube caps as well as the formation of holes in the sidewalls. The final products are then nanotube 
fragments whose ends and sidewalls are decorated by oxygenated functionalities, mainly 
carbonyl and carboxylic groups. Many groups have studied the chemical nature of these moieties 
through IR spectroscopy, thermogravimetry, and other techniques. Chen et al.85 treated oxidized 
nanotubes with long chain alkylamines via acylation and made for the first time a functionalized 
material soluble in organic solvents (Figure 2.14).85 Further studies showed that 4-alkylanilines 
could also give a soluble material,86 in which the presence of the long alkyl chain played a 
critical role in the solubilization process. 
 
 
Figure 2.14: Derivatization reactions of acid-cut nanotubes through the defect sites of the 
graphitic surface85 
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Finally, direct thermal mixing of oxidized nanotubes and alkylamines have produced a 
functionalized material through the formation of zwitterions (Figure 2.15).87 The amidation or 
esterification of oxidized nanotubes has become one of the most popular ways of producing 
materials soluble in both water organic solvents. 
 
 
Figure 2.15: Direct thermal mixing of nanotubes and long chain amines87 
2.6.5 Grafting of Polymers 
The covalent reaction of a CNT with polymers is important because the long polymer chains 
help to dissolve the tubes into a wide range of solvents, even at a low degree of functionalization. 
There are two main methodologies for the covalent attachment of polymeric substances to the 
surface of nanotubes, which are defined as the “grafting to” and “grafting from” methods. The 
former relies on the synthesis of a polymer with a specific molecular weight, followed by end 
group transformation. Subsequently, this polymer chain is attached to the graphitic surface of a 
CNT. The “grafting from” method is based on the covalent immobilization of the polymer 
precursors on the surface of the nanotubes and subsequent propagation of the polymerization in 
the presence of monomeric species.16  
2.7 Organic Conductive Polymers 
Conductive polymers are organic polymers that conduct electricity.88 Such compounds may be 
true metallic conductors or semiconductors, and combine the properties of both metals and 
organic compounds. The biggest advantage of conductive polymers is their processibility. 
Conductive polymers may also be plastics (which are organic polymers) and therefore can 
combine the mechanical properties (flexibility, toughness, malleability, elasticity, etc.) of plastics 
with high electrical conductivities. In addition, their properties can be fine-tuned using the 
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methods of organic synthesis. Organic conductive polymers deliver both high eletronic 
conductivity and excellent workability, specific to polymer materials, and have thus found use in 
applied electrolytic condensers, batteries, antistatic agents, etc.89 The film forming properties of 
organic conductive polymers have also led to the development of flexible display and organic 
transistors. The most notable property of a conductive polymer, electrical conductivity, results 
from delocalization of electrons along the polymer backbone.90 
2.7.1 Thiophenes 
Thiophene was discovered as a contaminant in benzene.91 It was observed that isatin forms a 
blue dye if it is mixed with sulfuric acid and crude benzene. The formation of the blue 
indophenin was long believed to be formed from a reaction with benzene. Meyer was able to 
isolate the substance responsible for this reaction from benzene and named the new heterocyclic 
compound “thiophene”. 
Thiophene, also known as thiofuran, is a cyclic compound containing four carbon atoms and one 
sulphur atom in a ring (Figure 2.16). It is an analogue to furan and pyrrole, where the sulphur 
atom is replaced by O and NH respectively. It is insoluble in water, but soluble in most organic 
solvents including alcohol and ether. The lone electron pair on sulphur occurs in the delocalized 
pi electron system and therefore thiophenes do not exhibit the properties of thioethers but rather 
display aromaticity. The sulphur atom is unreactive but the adjacent carbons are susceptible to 
attack by electrophiles. Thiophene is used as a solvent and a chemical intermediate. Finally, it 
has been used as a monomer to make condensation copolymers.91 
S
 
Figure 2.16: Structure of thiophene 
2.7.2 Polythiophenes 
Polythiophene (PTh) has drawn much attention in recent years because of its attractive 
applications in conductors, electrode materials, and organic semiconductors.92 PTh results from 
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the polymerization of thiophene that can become conducting when electrons are added or 
removed from the conjugated π-orbitals via doping (Figure 2.17).90 PThs are one of most 
promising classes of organic materials for use as the active semiconducting layer in organic 
field-effect transistors (OFETs).93 They can form highly ordered solid-state structures, which 
give rise to excellent electronic properties, and are solution processable. 
S
S
S
n
 
Figure 2.17: Structure of polythiophene 
On the other hand, substituted PThs, result from the polymerization of substituted thiophenes. 
The asymmetry of 3-substituted thiophenes results in three possible couplings when two 
monomers are linked between the 2- and the 5-positions.90 These couplings are: 
2,5’, or head-tail (HT), coupling  
2,2’, or head-head (HH), coupling  
5,5’, or tail-tail (TT), coupling  
These three diads can be combined into four distinct triads as shown in Figure 2.18. 
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Figure 2.18: The four possible triads resulting from coupling of 3-substituted thiophenes90 
2.7.3 Synthesis of PThs 
PThs can be synthesized electrochemically, by applying a potential across a solution of the 
monomer to be polymerized, or chemically, using oxidants or cross-coupling catalysts.90 
2.7.3.1 Electrochemical synthesis 
In an electrochemical polymerization, a potential is applied across a solution containing 
thiophene and an electrolyte, producing a conductive PTh film on the anode.94-96 Electrochemical 
polymerization is convenient, since the polymer does not need to be isolated and purified, but it 
produces structures with varying degrees of irregularities, such as cross-linking. As shown in 
Figure 2.19,90 oxidation of a monomer produces a radical cation, which can then couple with a 
second radical cation to form a dication dimer, or with another monomer to produce a radical 
cation dimer. 
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Figure 2.19: Initial steps in the electropolymerization of thiophenes90 
Janiszewska et al.94 reported the preparation of conducting electroactive polymers by the electro-
oxidation of thiophene and bithiophene in an ambient temperature molten salt, consisting of a 
mixture of aluminum chloride and 1-methyl-3-ethyl-imidazolium chloride. The formation of PTh 
and polybithiophene was found to be totally irreversible and the polymer films were found to be 
conductive in the oxidized state and nonconductive when reduced. In addition, the films obtained 
in these molten salts were found to be stable.  
One very recent report by Scherf and co-workers has described the use of microwave radiation in 
the synthesis of conjugated polymers via the Stille coupling.97 The use of microwave radiation in 
the synthesis of conjugated polymers was also reported by Carter,98 who employed microwave 
radiation in the synthesis of polyfluorenes by way of a Yamamoto coupling. 
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Since the first report on the electrochemical synthesis of polythiophene in 1981, polythiophene 
(PTh) and its derivatives have been widely studied because of their good electrical properties and 
possible applications.99-101 PThs with high conductivity have been prepared in anhydrous aprotic 
solvents of high dielectric constant and low nucleophility, such as acetonitrile  and 
benzonitrile.102 The presence of water is known to cause the incorporation of carbonyl groups 
into the structure of the polymer, but if this effect in trace amounts is beneficial it has not yet 
been confirmed. The synthesis conditions and the nature of the dopant anions strongly affect the 
morphology and properties of the material synthesis. 
2.7.3.2 Chemical synthesis of polythiophene 
The chemical synthesis of PTh offers two advantages compared with the electrochemical 
synthesis of PThs: a greater selection of monomers and, using the proper catalysts, the ability to 
synthesize perfectly regioregular substituted PThs. Polymers with varying degrees of 
regioregularity can be simply synthesized by oxidative polymerization.  
In situ chemical oxidative polymerization, using ferric chloride, has been reported to produce 
PThs and this method was found to produce polymers with high molecular weight.26 In 1992, 
Niemi et al.103 proposed a radical mechanism for the oxidative polymerization using ferric 
chloride, as shown in Figure 2.20. The researchers based their mechanism on two assumptions. 
Firstly, they observed polymerization only in solvents where the catalyst was either partially or 
completely insoluble (chloroform, toluene, carbon tetrachloride, pentane, and hexane, and not 
diethyl ether, xylene, acetone, or formic acid). They thus concluded that the active sites of the 
polymerization must be at the surface of solid ferric chloride. Therefore, they discounted the 
possibilities of either two radical cations reacting with each other, or two radicals reacting with 
each other, because the chloride ions at the surface of the crystal would prevent the radical 
cations or radicals from assuming positions suitable for dimerization. Secondly, using                
3-methylthiophene as a prototypical monomer, see Figure 2.21, they performed quantum 
mechanical calculations to determine the energies and the total atomic charges on the carbon 
atoms of the four possible polymerization species (neutral 3-methylthiophene, the radical cation, 
the radical on carbon 2, and the radical on carbon 5).  
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Figure 2.20: Proposed mechanisms for ferric chloride oxidative polymerizations of thiophenes103 
Since the most negative carbon of the neutral 3-methylthiophene is also carbon 2, and the carbon 
with the highest odd electron population of the radical cation is carbon 2, they concluded that a 
radical cation mechanism would lead to mostly 2-2, H-H links. The researchers then calculated 
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the total energies of the species with the radicals at the 2 and the 5 carbons, and found that the 
latter was more stable by 1.5 kJ/mol. Therefore, the more stable radical could react with the 
neutral species, forming head-to-tail couplings as shown in Figure 2.20. 
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Figure 2.21: Structure of 3-Methylthiophene  
Toshima et al.104 also attempted to polymerize thiophene using the catalytic procedures (mixture 
of CuCl-AlCl3-O2) used to synthesize the polyparaphenylene (PPP) system but the procedure did 
not work effectively for the polymerization of thiophene. The resulting product was not an 
oxidized, n-conjugated PTh  (a), but rather a dihydro species (b) shown in Figure 2.22.  
 
 
 
                                                          a           b                             
Figure 2.22: Structure of PTh (a) and dihydro species (b)104 
This group then synthesized polythiophene using ferric chloride and they reported a yield of      
99 % and a conductivity of 4.3 x 10-4 for the PTh.  
2.8 Nanocomposites 
Nanocomposites are materials that incorporate nanosized particles into a matrix of a standard 
material.27 The addition of nanoparticles can result in a drastic improvement in properties that 
can include mechanical strength, toughness and electrical or thermal conductivity. The 
effectiveness of the nanoparticles is such that the amount of material added is normally only 
between 0.5 and 5% by weight.  
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Nanocomposites are currently being used in a number of fields and new applications are being 
continuously developed.27 Applications for nanocomposites include: thin-film capacitors for 
computer chips and solid polymer electrolytes for use in batteries, automotive engine parts and 
fuel tanks,   impellers and blades, oxygen and gas barriers and food packaging. 
2.8.1 Polymer nanocomposites 
In this new "world" of application, polymer nanocomposites are a new class of materials with a 
future promise for potential applications as high-performance materials.105 
Beside traditional polymer composites (fiber reinforced: carbon fiber, glass fiber, nylon etc.),  
nanocomposites could become one of the most versatile industrial advanced materials. The main 
feature of a polymeric nanocomposite, in contrast to conventional composites, is that the 
reinforcement occurs on a nanometer scale. This therefore affects the final macroscopic 
properties. For this reason polymeric nanocomposites have been a research area for the past      
20 years. The PNCs have also found application in biomedical technology.106 
Several type of polymeric nanocomposites can be obtained with different particle nanosizes and 
variable nature and shape as listed below:  
-Clay/polymer nanocomposites; 
-Metal/polymer nanocomposites; 
-Carbon nanotube/polymer nanocomposites; 
Due to the particular focus of this dissertation, the last class of nanocomposites type will now be 
discussed. 
2.8.1.1 Carbon nanotube/polymer nanostructures 
The embedding of carbon nanotubes (CNTs) in to conducting polymeric matrices such as PTh 
and polyaniline, to make various nanocomposites materials, is now a popular subject in nanotube 
research. The research is fuelled by the hope of delivering the properties of CNTs to the 
composites.107,108 
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Among the various conducting polymers, PTh has always been one of the more likely candidates 
for exploitation because of the high stability of its doped and undoped electronic states, ease of 
structural modification and controllable electrochemical behaviour. As described earlier, PTh 
results from the polymerization of thiophene and can become conducting when electrons are 
added or removed from the conjugated π-orbitals via doping. The most notable property of a 
conductive polymer, electrical conductivity, results from delocalization of electrons along the 
polymer backbone.90 
 PTh polymers are one of the most studied electrically conducting conjugated polymers because 
of their excellent environmental and thermal stability.26 PTh polymers can be used as electrical 
conductors and in recording materials, nonlinear optical devices, polymer light-emitting diodes, 
electrochromic or smart windows, photoresists, antistatic coatings, sensors, batteries, 
electromagnetic shielding materials, artificial noses and muscles, solar cells, electrodes, 
microwave absorbing materials, new types of memory devices, transistors, nanoswitches, optical 
modulators and valves, imaging materials, polymer electronic interconnects, and nanoelectronic 
and optical devices. CNTs functionalized with polymers have been found to give a better 
dispersion of CNTs in the polymer matrices of nanocomposites.109,110 
2.8.1.2 Covalently functionalized nanotube/polymer nanostructures 
It is widely recognized that the fabrication of high performance nanotube-polymer composites 
depends on an efficient load transfer from the host matrix to the nanotubes. To achieve the high 
loading of nanotubes requires the formation of a homogenous dispersion of nanotubes and strong 
interfacial bonding between the nanotubes and the polymer matrix.111 
Functionalized CNTs covalently embedded into polymeric matrices tend to produce increased 
dispersibility as compared with their nonfunctionalized analogs.112 For instance, a 1,3-dipolar 
cycloaddition reaction on the surface of CNTs using octanal and 4-hydroxyphenyl glycine 
resulted in phenol-functionalized tubes that could be further derivatized with 2-bromoisobutyryl 
bromide, resulting in attachment of atom transfer radical polymerization initiators to the 
sidewalls of nanotubes. The functionalized CNTs were then polymerized with methyl 
methacrylate and t-butyl acrylate, and the polymers exhibited good solubility in a range of 
solvents, including aqueous ones.113 
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Phillip et al.114 reported the successful synthesis of a nanotubular composite of polyaniline using 
p-phenylenediamine functionalized multiwalled carbon nanotubes by an in situ chemical 
oxidative polymerization method. This resulted in composites having a uniform coating of 
polymer over the CNTs, which improved the homogeneity of the polymer with improved 
structural order or molecular packing on the carbon nanotube surface, and improved 
delocalization of charges in the semiconducting polymer due to the “doping” effect associated 
with the CNTs.  
In 2004, the Phillips group also reported the successful synthesis of the poly[3-(2-hydroxyethyl)-
2.5-thienylene] (PHET) (Scheme 2.2)115 using MWNTs functionalized with thionyl chloride by 
grafting polythiophene on CNTs and by ultrasonic mixing of the two. It was found that there is a 
greater extent of homogeneity in the CNT-f-PHET material than in the CNT/PHET composite. 
Since in the CNT-f-PHET material the nanotubes were functionalized by the matrix polymer 
itself, this ensured a compatibility of CNTs with the polymer matrix. Only a low microscopic 
phase separation of the components, which led to high conductivity, was observed. 
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Scheme 2.2: Synthesis of the poly[3-(2-hydroxyethyl)-2.5-thienylene]115 
2.8.1.3 Synthesis of carbon nanotubes/polymer composites  
Different methods have been used to incorporate nanotubes into a polymer matrix. Common 
methods include direct mixing,116-118 where CNTs are dispersed into a low viscosity 
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thermosetting resin, followed by curing. This incorporation of nanotubes enhances the 
mechanical properties of the composite materials, by increasing their thermal conductivity, thus 
improving their environmental stability.  
Solution mixing can also be used. In this method CNTs are dispersed in a solution of 
thermoplastic polymer, followed by removal of the solvent or precipitation of the polymer, 
sometimes CNTs are chemically attached to the matrix polymer.119  
Electrospinning,120 is a technology where surfactants or amphiphilic polymers, such as sodium 
dodecyl sulphate, poly(vinyl pyrrolidone) and natural polysaccharide Gum Arabic, which absorb 
onto the hydrophobic CNTs, are added. The use of electrospinning to synthesize CNT/polymer 
nanocomposite fibers offers a possible way to simultaneously align CNTs along a single axis 
during processing, without compromising the structural integrity of the individual CNTs. 
The “in situ chemical oxidative polymerization” method is an approach of synthesizing 
homogeneous polymer nanotubes composites where the matrix polymer is formed in the 
presence of nanotubes.26,114,121-124 Generally, CNTs are dispersed in a solution of a monomer that 
forms the matrix polymer followed by addition of a polymerization initiator. Thus, the polymer 
is formed in the presence of CNTs. This results in a composite being formed in a single step. 
This method usually leads to a firm wrapping of a polymer onto nanotubes. Karim et al,26 
(Scheme 2.3) reported the successful synthesis of PTh/SWNT composites using in situ chemical 
oxidative polymerization method. It was shown that the SWNTs were used as self-assembly hard 
templates for the formation of one-dimensional, coaxial SWNT-PTh nanostructures, and that the 
polymer was tightly coated only on the surface of the SWNTs, as shown in (Scheme 2.4).26 
This method of synthesizing CNT/polymer composites was also reported using different 
conductive polymers and was found to produce polymers with improved conductivity, improved 
thermal stability and with drastically enhanced Sand luminescent behavior.125 In the same 
manner, other groups have synthesized composites of poly-3-hexylthiophene (P3HT) and carbon 
nanotubes.123,124 Others have also reported the synthesis of composites of polyaniline and  
CNTs.121  
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Scheme 2.3: Schematic view of the process for SWNTs coated with conducting PTh26 
 
 
Scheme 2.4: Schematic representation of the formation of SWNT/PTh composites26 
2.9 Photovoltaic Solar Cells 
Photovoltaic is the technical term for solar power technology that uses solar cells or solar 
photovoltaic arrays to convert energy from the sun into electricity. It has been suggested that 
carbon nanotubes incorporated into polymeric materials can be used in photovoltaic solar cells. 
CNTs have been integrated into organic photovoltaic devices, both as electron acceptor materials 
and as transparent electrodes. They are well suited for such uses since they not only efficiently 
transport electrons, but can also provide a high electric field at the polymer/nanotube interface, 
which favours exciton dissociation. In 2002, researchers blended SWNTs with PThs and 
observed an increase in the photocurrent of two orders of magnitude, relative to 
polythiophene.126 
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 Solar cells that use polymers offer the possibility of low cost, less toxic manufacturing methods, 
and the possibility to produce large area, light weight, flexible panels. Partly due to the cost 
advantage and partly for a better understanding, there has been increased activity devoted to the 
development of solar cells based on organic molecules, conjugated polymers, and internal donor-
acceptor polymer networks.127  
Photovoltaic solar cell construction is dominated by solid state junction devices made of silicon 
wafers. The chemistry behind solar cell technology lies in the type of charge that is generated 
when sunlight hits the cell. In silicon-based solar cells, when light strikes a semi-conductor an 
excited electron and its corresponding hole are formed and are immediately separated and can 
easily travel away from each other. Alternatives to silicon are being sought for light capture and 
these new materials include organic semiconductors. These organic semiconductors will also 
allow for electron/hole generation. If the new materials are attached to an efficient transport 
material, then electron conduction will be made easier. The new transport materials studied today 
include materials based on carbon materials such as fullerenes and CNTs. In the new solar cells 
the charge that is generated is known as an exciton, an electron/hole pair, that is bound by 
Coulomb forces and cannot travel far without recombining (thus losing energy).128 As 
mentioned, CNTs can be integrated into organic photovoltaic devices both as electron acceptor 
materials and as a transparent electrode. They can efficiently transport electrons, and can also 
provide a high electric field at a polymer/nanotube interface, which favours exciton dissociation. 
Excitonic solar cells are promising devices for inexpensive, large scale solar energy 
conversion.126 
 
 
 
 
 
 
41 | P a g e  
 
References 
1. M.S. Dresselhaus, G. Dresselhaus, Topics Appl. Phys. 80 (2001) 11 
2. http://www.geocities.com/jw31645/org-c.html (accessed 20 September 2009) 
3. H.W. Kroto, J.R. Heath, S.C. Obrien, R.F. Curl, R.E.C. Smalley, Nature 318 
(1985) 162 
4. S. Iijima, Nature 354 (1991) 56 
5. M. Zhang, S.L. Fang, A.A. Zakhidov, S.B. Lee, A.E. Aliev, C.D. Williams, K.R. 
Atkinson, R.H. Baughman, Science 309 (2005) 1215 
6. Z.C. Wu, Z.H. Chen,  X. Du, J.M. Logan, J. Sippel, M. Nikolou, K. Kamaras, J.R. 
Reynolds, D.B. Tanner, A.F. Hebard, A.G. Rinzler, Science 305 (2004) 1273 
7. A.B. Dalton, S. Collins, E. Munoz, J.M. Razal, V.H. Ebron, J.P. Farraris, J.N. 
Coleman, B.G. Kim, R.H. Baughman, Nature 423 (2003) 703 
8. X. Guodong, B. Zhu, Y. Han, B. Zhihan, Polymer 48 (2007) 7510 
9. G. Nicole, Mater. Rev. 10 (2007) 28 
10. M.L. Terranova, V. Sessa, M. Rossi, Chem. Vap. Deposition 12 (2006) 315 
11. N. Hamada, S. Sawada, A. Oshiyama, Phys. Rev. Lett. 68 (1992) 54 
12. N. Hamada, S. Sawada, A. Oshiyama, Phys. Rev. Lett. 68 (1992) 1579 
13. R. Saito, G. Dresselhaus, M.S. Dresselhaus, Physical Properties of Carbon 
Nanotubes: Theory and Applications, Imperial College Press, London (1998) 1 
14. P.J.F. Harris, Carbon Nanotubes and related structures, New materials for the 
Twenty-first Century, Cambridge University Press, Cambridge (1999) 2  
15. H. Dai, Acc. Chem. Res. 35 (2002) 1035 
16.       D. Tasis, N. Tagmatarchis, A. Bianco, M. Prato, Chem. Rev. 106 (2006) 1105 
17.  R.S. Ruoff, D.C. Lorents, Carbon 33 (1995) 925 
18. E.T. Thostenson, T.C.  Li, T. Chou, Comp. Sci. Technol. 65 (2005) 491 
19. H. Seunghun, S.  Myung, Nature Nanotechnol. 2 (2007) 207 
20. http://en.wikipedia.org/wiki/Optical_properties_of_carbon_nanotubes (accessed 
29 October 2009) 
21. H. Kataura, Y. Kumazawa, Y. Maniwa, I. Umezu, S. Suzuki, Y. Ohtsuka, Y. 
Achiba, Synth. Met. 103 (1999) 2555 
22. P.G. Collins, P. Avouris, Scientific American (2000) 62 
42 | P a g e  
 
23. M. Yu, T. Kowalewski, R.S. Ruoff, Phys. Rev. Lett. 85 (2000) 1456 
24. I. Palaci,  S. Fedrigo,  H. Brune, C. Klinke, M. Chen, E. Riedo, Phys. Rev. Lett. 
94 (2005) 175502 
25. M. Endo, M.S. Strano, P.M. Ajayan, Topics Appl. Phys. 111 (2008) 13 
26. M.R. Karim, C.J. Lee, M.S. Lee, J. Polym. Sci. 44 (2006) 5283 
27. H. Dai, Topics Appl. Phys. 80 (2001) 29  
28. http://www.azonano.com/details.asp?ArticleID=156 (accessed 13 October 2009) 
29. X. Zhao, M. Ohkohchi, H. Shimoyama, Y. Ando, J. Cryst. Growth 198/199 
(1999) 934 
30. Z. Shi, Y. Lian, X. Zhou, Z. Gu, Y. Zhang, S. Iijima, L. Zhou, K.T. Yue, S. 
Zhang, Carbon 37 (1999) 1449 
31. W.K. Maser, E. Munoz, A.M. Benito, M.T. Martinez, G.F. de la Fuente, Y. 
Maniette, E. Anglaret, J.L. Sauvajol, Chem. Phys. Lett. 292 (1998) 587 
32. E. Munoz, W.K. Maser, A.M. Benito, M.T. Martinez, G.F. de la Fuente, Y. 
Maniette, E. Anglaret, J.L. Sauvajol, Carbon 38 (2000) 1445  
33. R. Andrews, D. Jacques, D. Qian, T. Rantell, Acc. Chem. Res. 35 (2002) 1008 
34.  S. Porro, S. Musso, M. Vinante, L. Vanzetti, M. Anderle, F. Trotta, A. 
Tagliaferro, Physica E 37 (2007) 58 
35. K. Balasubramanian, M. Burghard, Small 1 (2005) 180 
36. E. Couteau, K. Hernadi, J.W. Seo, L. Thien-Nga, C. Miko, R. Gaal, L. Forro, 
Chem. Phys. Lett. 378 (2003) 9 
37.  Z. Xu, H. Wang, J. Hwang, Carbon 45 (2007) 873 
38. R.T.K. Baker, Carbon 27 (1989) 315  
39. M.C. Bahome, Synthesis and use of carbon nanotubes as a support for the Fischer-
Tropsch Synthesis, PhD Thesis, University of the Witwatersrand, Johannesburg, 
2007 
40.  http://en.wikipedia.org/wiki/Doping_(semiconductor) (accessed 23 October 
2009) 
41. Z. Xu, W. Lu, W. Wang, C. Gu, K. Liu, X. Bai, E. Wang, H. Dai, Adv. Mater. 20 
(2008) 3615 
43 | P a g e  
 
42. S.J. Sque, C.P. Ewels, R. Jones, P.R. Briddon, Phys. Stat. Sol. (a) 204 (2007) 
2898 
43. http://acs.omnibooksonline.com/data/papers/2004_C029.pdf (accessed 24 October 
2009) 
44. C. Sun, H. Wang, M. Hayashi, L. Chen, K. Chen, J. Am. Chem. Soc. 128 (2006) 
8368 
45. Y. Shao, J. Sui, G. Yin , Y. Gao, Appl. Catal. B Environmental 79 (2008) 89  
46. E.N. Nxumalo, V.O. Nyamori, N.J. Coville, J. Organomet. Chem. 693 (2008) 
2942 
47. S.B. Sinnott, R. Andrews, Critical Rev. Solid State Mater. Sci. 26 (2001) 145  
48. Y. Huang, J. Gao, R. Liu, Synth. Met. 113 (2000) 251 
49. R. Droppa, P. Hammer, A.C.M. Carvalho, M.C. dos Santos, F. Alvarez, J. Non-
Cryst. Solids 299–302 (2002) 874 
50. S. Glenis, S. Cooke, X. Chen, M.M. Labes, Chem. Mater. 6 (1994) 1850 
51. M. Yudasaka, R. Kikuchi, Y. Ohki, S. Yoshimura, Carbon 35 (1997) 195  
52. S. Maldonado, S. Morin, K.J. Stevenson, Carbon 44 (2006) 1429 
53. C. Tang, Y. Bando, D. Golberg, F. Xu, Carbon 42 (2004) 2625 
54. Q. Guo, Y. Xie, X. Wang, S. Zhang, T. Hou, Chem. Commun.  (2004) 26  
55. C. Cao, F. Huang, C. Cao, J. Li, H. Zhu, Chem. Mater. 16 (2004) 5213 
56. R.A. Sidik, A.B. Anderson, N.P. Subramanian, S.P. Kumaraguru, B.N. Popov, J. 
Phys. Chem. B 110 (2006) 1787 
57. L.Q. Jiang, L. Gao, Carbon 41 (2003) 2923 
58. M. He, S. Zhou, J. Zhang, Z. Liu, C. Robinson, J. Phys. Chem. B 109 (2005) 9275 
59. Y. Miyamoto, M.L. Cohen, S.G. Louie, Solid State Commun. 102 (1997) 605 
60. M. Glerup, J. Steinmetz, D. Samaille , O. Stephan, S. Enouz, A. Loiseau, S. Roth , 
P. Bernier, Chem. Phys. Lett. 387 (2004) 193 
61. T. Park, S. Banerjee, T. Hemraj-Bnny, S.S. Wong, J. Mater. Chem. 16 (2006) 141 
62. S.B. Dibyendu, D. Rama, N. Zhang, J. Xie, V.K. Varadan, D. Lai, G.N. Mathur, 
Smart Mater. Struct. 13 (2004) 1263  
63. T. Nakajima, S. Kasamatsu, Y. Matsuo, Eur. J. Solid State Inorg. Chem. 33 (1996) 
831 
64. A. Hamwi, H. Alvergnat, S. Bonnamy, F. Beguin, Carbon 35 (1997) 723 
44 | P a g e  
 
65. E.T. Mickelson, C.B. Huffman, A.G. Rinzler, R.E. Smalley, R.H. Hauge, J.L. 
Margrave, Chem. Phys. Lett. 296 (1998) 188 
66. H. Touhara, F. Okino, Carbon 38 (2000) 241 
67. K.F. Kelly, I.W. Chiang, E.T. Mickelson, R.H. Hauge, J.L. Margrave, X. Wang, 
G.E. Scuseria, C. Radloff, N. Halas,  J. Chem. Phys. Lett. 313 (1999) 445  
68. V.N. Khabashesku, W.E. Billups, J.L. Margrave, Acc. Chem. Res. 35 (2002) 
1087. 
69. P.J. Boul, J. Liu, E.T. Mickelson, C.B. Huffman, L.M. Ericson, I.W. Chiang, K.A. 
Smith, D.T. Colbert, R.H. Hauge, J.L. Margrave, R.E. Smalley, Chem. Phys. Lett. 
310 (1999) 367 
70. R.K. Saini, I.W. Chiang, H. Peng, R.E. Smalley, W.E. Billups, R.H. Hauge, J.L. 
Margrave,  J. Am. Chem. Soc. 125 (2003) 3617 
71. J.L. Stevens, A.Y. Huang, H. Peng, I.W. Chiang, V.N. Khabashesku, J.L. 
Margrave, Nano. Lett. 3 (2003) 331 
72. L. Zhang, V.U. Kiny, H. Peng, J. Zhu, R.F.M. Lobo, J.L. Margrave, V.N. 
Khabashesku, Chem. Mater. 16 (2004) 2055 
73. S. Pekker, J.P. Salvetat, E. Jakab, J.M. Bonard, L. Forro,  J. Phys. Chem. B 105 
(2001) 7938 
74. B.N. Khare, M. Meyyappan, A.M. Cassell, C.V. Nguyen, J. Han, Nano. Lett. 2 
(2002) 73 
75. B. Khare, M. Meyyappan, M.H. Moore, P. Wilhite, H. Imanaka, B. Chen, Nano. 
Lett. 3 (2003) 643 
76. H. Hu, B. Zhao, M.A. Hamon, K. Kamaras, M.E. Itkis, R.C. Haddon, J. Am. 
Chem. Soc. 125 (2003) 14893 
77. V. Georgakilas, K. Kordatos, M. Prato, D.M. Guldi, M. Holzinger, A. Hirsch,  J. 
Am. Chem. Soc. 124 (2002) 760 
78. N. Tagmatarchis, M. Prato, J. Mater. Chem. 14 (2004) 437 
79. K. Kratschmer, L.D. Lamb, K. Fostiropoulos, R.D. Huffman, Nature 347 (1990) 
354  
45 | P a g e  
 
80.  (a) M. Alvaro, P. Atienzar, P. de la Cruz, J.L. Delgado, H. Garcia, F. Langa, J. 
Phys. Chem. B 108 (2004) 12691. (b) Y. Wang, Z. Iqbal, S. Mitra, Carbon 43 
(2005) 1015 
81. K.S. Coleman, S.R. Bailey, S. Fogden, M.L.H. Green, J. Am. Chem. Soc. 125 
(2003) 8722 
82. G. Xu, B. Zhu, Y. Han, Z. Bo, Polymer 48 (2007) 7510 
83. X.H. Men, Z.Z. Zhang, H.J. Song, K. Wang, W. Jiang, Comp. Sci. Technol. 68 
(2008) 1042 
84. P. Liu, Eur. Polym. J. 41 (2005) 2693 
85. J. Chen, M.A. Hamon, H. Hu, Y. Chen, A.M. Rao, P.C. Eklund, R.C. Haddon, 
Science 282 (1998) 95 
86. M.A. Hamon, J. Chen, H. Hu, Y.S. Chen, M.E. Itkis, A.M. Rao, P.C. Eklund, R.C. 
Haddon, Adv. Mater. 11 (1999) 834 
87. J. Chen, A.M. Rao, S. Lyuksyutov, M.E. Itkis, M.A. Hamon, H. Hu, R.W. Cohn, 
P.C. Eklund, D.T. Colbert, R.E. Smalley, R.C. Haddon, J. Phys. Chem. B 105 
(2001) 2525 
88.  http://en.wikipedia.org/wiki/Conductive_polymer (accessed 27 October 2009) 
89.  http://www.fujitsu.com/downloads/EDG/binary/pdf/find/26-1e/11.pdf (accessed 
24 October 2009) 
90.  http://en.wikipedia.org/wiki/polythiophene. (accessed 27 October 2009) 
91. http://chemicalland21.com/lifescience/phar/THIOPHENE.htm. (accessed 27 
October 2009) 
92. J.H. Shi, X. Sun, C.H. Yang, Q.Y.  Gao, Y.F. Li, Chin. Chem. Lett. 13 (2002) 306 
93. S. Tierney, M. Heeney, I. McCulloch, Synth. Met. 148 (2005) 195 
94. L. Janiszewska, R.A. Osteryoung, J. Electrochem. Soc. 134 (1987) 2787 
95. J.M. Pringle, M. Forsyth, D.R. MacFarlane, K. Wagner, S.B. Hall, D.L. Officer, 
Polymer 46 (2005) 2047 
96. T. Tuken, B. Ya, M. Erbil, Appl. Surf. Sci. 239 (2005) 398 
97. B.S. Nehls, U. Asawapirom, S. Füldner, E. Preis, T. Farrell, U. Scherf, Adv. 
Funct. Mater. 14 (2004) 352 
98. K.R. Carter, Macromolecules 35 (2002) 6757  
46 | P a g e  
 
99. A. Gök, M. Omastová, A.G. Yavuz, Synth. Met. 157 (2007) 23 
100. L. Torsi, A. Tafuri, N. Cioffi, M.C. Gallazzi, A. Sassella, L. Sabbatini, P.G.   
Zambonin, Sens. Actuators B 93 (2003) 257 
101. S.K. Park, Y.H. Kim, J.I. Han, D.G. Moon, W.K. Kim, M.G. Kwak, Synth. Met. 
139 (2003) 377 
102. R.J. Waltman, J. Bargon, A.F. Diaz, J. Phys. Chem. 87 (1983) 1459 
103. V.M. Niemi, P. Knuuttila, J.E. Osterholm, Polymer 33 (1992) 1559 
104. N. Toshima, S. Hara, Prog. Polym. Sci. 20 (1995) 155  
105. http://www.nanocompositech.com/ (accessed 29 October 2009) 
106. R.A. Hule, D.J. Pochan, Mrs Bull. 32 (2007) 354 
107. G. Viswanathan, N. Chakrapani, H. Yang, B. Wei, H. Chung, K. Cho, C.Y. Ryu, 
M. Ajayan,  J. Am. Chem. Soc. 125 (2003) 9258 
108. D.E. Hill, Y. Lin, A.M. Rao, A.F. Allard, Y.P. Sun, Macromolecules 35 (2002) 
9466 
109. G. Viswanathan, N. Chakrapani, H. Yang, B. Wei, H. Chung, K. Cho, C.Y. Ryu, 
P.M. Ajayan,  J. Am. Chem. Soc. 125 (2003) 9258 
110. D.E. Hill, Y. Lin, A.M. Rao, A.F. Allard, Y.P. Sun, Macromolecules 35 (2002) 
9466 
111. X. Peng, S.S. Wong, Adv. Mater. 21 (2009) 625 
112. C.A. Dyke, J.M. Tour, J. Phys. Chem. A 108 (2004) 11151 
113. Z. Yao, N. Braidy, G.A. Botton, A. Adronov, J. Am. Chem. Soc. 125 (2003) 
16015 
114. B. Phillip, J. Xie, J.K. Abraham, V.K. Varadan, Smart Mater. Struct. 13 (2004) 
N105 
115. B. Phillip, J. Xie, J.K. Abraham, V.K. Varadan, Smart Mater. Struct. 13 (2004) 
295 
116. P. Anuragudom, P. Pirakitikulr, T. Wongchanapiboon, S. Phanichphant, T.R. Lee,  
J. Microsc. Soc. Thailand 20 (2006) 37 
117. N. Grossiord, J. Loos, O. Regev, C.E. Koning, Chem. Mater. 18 (2006) 1089  
118. S. Bal, J. Sci. Industrial Res. 66 (2007) 752 
47 | P a g e  
 
119. Y. Lin, B. Zhou, K.A.S. Fernando, P. Liu, L.F. Allard, Y. Sun, Macromolecules 
36 (2003) 7199 
120. L.Y. Yeo, J.R. Friend, J. Exp. Nanosci. 1 (2006) 177 
121. B. Phillip, J. Xie, J.K. Abraham, V.K. Varadan, Polym. Bull. 53 (2005) 127 
122. D. Guo, H. Li, J. Solid State Electrochem. 9 (2005) 445 
123. V. Saini, Z. Li, S. Bourdo, E. Dervishi, Y. Xu, X. Ma, V.P. Kunets, G.J. Salamo, 
T. Viswanathan, A.R. Biris, D. Sani, A.S. Biris, J. Phys. Chem. C 113 (2009) 
8023 
124. K. Kuila, S. Malik, S.K. Batabyal, A.K. Nandi, Macromolescules 40 (2007) 278 
125. R. Sainz, A.M. Benito, M.T. Martinez, J.F. Galindo, J. Sotres, A.M. Baro, B. 
Corraze, O. Chauvet, A.B. Dalton, R.H. Baughman, W.K. Maser, Nanotechnology 
16 (2005) 150 
126. http://www.nanowerk.com/spotlight/spotid=1500.php (accessed 22 July 2009) 
127. E. Kymakis, I. Alexandrou, G.A. Amaratunga, J. Appl. Phys. 93 (2002) 1764 
128. B. Ceccaroli, O. Lohne, Solar Grade Silicon Feedstock, John Wiley & Sons, Ltd. 
Cambridge (2003) 153 
 
 
 
 
 
 
 
 
 
 
48 | P a g e  
 
CHAPTER THREE 
EXPERIMENTAL METHODOLOGY 
 
3.1 Introduction 
Experimental and characterization techniques used in this research project are discussed in this 
chapter. Standard procedures were followed, unless otherwise stated and where necessary, 
modification to the standard procedures were made in order to suit the required application.  
This chapter consist of two sections; Section A (Section 3.3) gives the method of synthesizing 
and functionalizing undoped carbon nanotubes and polymerizing the thiophene, and Section B 
(Section 3.4) gives the experimental methodology for the synthesis and functionalization of 
nitrogen-doped carbon nanotubes. 
3.2 Chemicals and materials 
All chemicals used in this study were reagent grade quality and were used as supplied, unless 
otherwise stated. In the case of organic solvents, these were dried by distillation over calcium 
hydride or sodium wire under a continuous flow of argon gas. All experiments involving 
polymerization reactions were carried out under a continuous flow of argon, unless otherwise 
stated. Two types of multiwall carbon nanotubes, both synthesized in our laboratory, were used 
for this study. The first type is a prepared CNT in an undoped state, which was synthesized using 
CVD and the other type, nitrogen-containing CNTs (N-CNT), were synthesized using a CVD 
floating catalyst method.   
3.3  Section A: Undoped CNTs 
This section discusses the experimental procedures and techniques used in the synthesis of 
undoped CNTs and materials formed by incorporating nanotubes into polythiophenes.  
 3.3.1 Synthesis of CNTs using a CVD method
Among the various growth techni
production of cheap and high purity CNTs
making carbon fiber, filament and nanotube materials for
experimental setup for CVD growth is depicted in 
heating a catalyst material to high temperatures
hydrocarbon gas through the tube
are collected upon cooling the
CVD growth are the hydrocarbons, catalysts and growth temperature
  
Figure 3.1: Schematic CVD reactor for the synthesis of CNTs
 
3.3.1.1 Preparation of the catalyst
As far as transition metals are concern
efficient production of single and multiwall CNTs.
mixture of iron and cobalt was
supported on calcium carbonate (CaCO
dispersion of the metal particles. 
 
ques, the CVD process offers a promising route t
.
1-7
 This method has been successful
 more than 10-20 years
Figure 3.1. Here the growth process involves 
 in a tube furnace followed by passing
 reactor for a period of time. Materials grown over the catalyst 
 system to room temperature. Some key parameters in 
s used.
 
ed, the first row transition metals are kno
9
 Among the first row transition metals, a 
 reported to produce the highest amount of 
3).7,10-12 The role of the support is mainly for the 
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A catalyst, 5% by weight Fe/Co supported on CaCO3, was prepared using the incipient wetness 
impregnation method. The Fe(NO3)3.9H2O and Co(NO3)2.6H2O, sources of iron and cobalt 
respectively, that were used to prepare the catalyst were purchased from Sigma Aldrich. A 
calculated amount of the two metal salts was mixed and ground to a fine powder. This mixture 
was then dissolved in distilled water (25 cm3) to make a 50:50 precursor solution. The solution 
was then added dropwise to approximately 10 g of CaCO3 and stirred for at least an hour at room 
temperature. The mixture was then filtered to yield a homogeneous mixture of the metals on the 
support. The resulting slurry was allowed to semi-dry at room temperature for about 30 minutes 
before drying in an oven at 120 oC overnight. The dry material was then cooled to room 
temperature and ground to a fine powder and screened through a 150 µm sieve. The catalyst was 
then calcined at 400 oC for 16 hours at a heating rate of 5 oC per minute to get rid of, mostly, the 
nitrate ions. The collected grey powder (catalyst) was used to synthesize CNTs. 
3.3.1.2 Deposition of the carbon feedstock for the formation of CNTs 
CNTs used in this study were synthesized by decomposition of acetylene (C2H2) in a tubular 
quartz reactor that was placed horizontally in a furnace (CVD method). The furnace was 
electronically controlled such that the heating rate, reaction temperature and gas flow rates were 
accurately maintained as desired. In a typical run, the catalyst (1g, Fe-Co/CaCO3) was loaded 
into a quartz boat at room temperature and the boat was placed in the centre of the quartz tube 
that was placed in a furnace. The furnace was then heated at 10 oC per minute while nitrogen was 
passed over the catalyst at 40 cm3 per minute. Once the temperature reached 700 oC, the N2 flow 
rate was set to 240 cm3 per minute and C2H2 was introduced at a constant flow rate of 90 cm3 per 
minute. After 60 minutes of reaction time, the C2H2 flow was stopped and the furnace was left to 
cool down to room temperature under a continuous flow of N2, at a flow rate of 40 cm3 per 
minute. The boat was removed from the reactor and the product that formed along with the 
catalyst was collected, purified and analysed. 
3.3.2 Purification of synthesized CNTs  
Almost all techniques for the growth of CNTs, including the CVD process, produce CNTs that 
contain impurities, most notably residual catalyst metal particles and in some cases unwanted 
carbonaceous by-products (such as amorphous carbon, fullerenes, etc.).3,13 A CNT grown by 
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catalytic CVD usually incorporates metal particles such as Fe, Co and Ni, which are necessary 
for the growth of the tube. 
Synthesized CNTs were therefore purified in mild acid as follows: approximately 2.0 g of the 
produced material was placed in 30% nitric acid (200 cm3) and the mixture was sonicated for    
30 minutes in order to disperse the CNTs. The mixture was then stirred for 5 days at room 
temperature to specifically remove the metal particles and wash away the support. The mixture 
was then diluted with distilled water and the CNTs were collected by filtration using a Büchner 
funnel and filter paper (MN 615, 110 mm), followed by subsequent washing with distilled water 
until the pH of the filtrate was approximately seven (the pH of the filtrate was estimated by the 
use of Whatman indicator paper (7 mm)). The CNTs were then dried in an oven at 120 oC for at 
least 12 h and vacuum dried at room temperature for a further 12 h. The degree of purification 
was determined using thermogravimeric analysis (TGA), transmission electron microscopy 
(TEM) and Raman spectroscopy and compared to the as-synthesized CNTs.  
3.3.3 Solvent drying 
Two organic solvents, tetrahydrofuran (THF) and chloroform, supplied by Sigma Aldrich were 
dried using sodium wire and calcium hydride respectively. About 300 cm3 of the solvent was 
placed in a 500 cm3 round bottomed flask that contained an appropriate drying agent. The 
solvent was then heated at reflux under a flow of argon for 24 h before it was used. The indicator 
used to monitor the drying process of the THF was benzophenone. 
3.3.4  Functionalization of CNTs  
The chemical structure of CNTs consists mainly of carbon atoms and as such, they do not 
contain any functional groups. Chemical functionalization therefore plays an essential role in 
tailoring the properties and application versatility of CNTs.14 
3.3.5 Oxidation of CNTs  
To vary the functionalization of CNTs, the purified materials were oxidized with concentrated 
HNO3 at different temperatures (25, 50 and 70 oC). In the low temperature (25 oC) method, 
approximately 1.0 g of the purified CNTs was placed in a 250 cm3 round-bottomed flask 
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containing concentrated HNO3 (100 cm3) and the mixture was sonicated for 15 min in an 
ultrasonic bath at room temperature. The mixture was then stirred at room temperature for        
24 hours, specifically to introduce acid groups (mainly hydroxyl and carboxylic groups) on to the 
walls of the nanotubes. The mixture was then diluted with distilled water and the CNTs were 
collected by filtration using a Büchner funnel and filter paper (MN 615, 110 mm), followed by 
subsequent washing with distilled water until the pH of the filtrate was approximately seven. The 
CNTs were then dried in an oven at 120 oC for at least 12 h and vacuum dried at room 
temperature for a further 12 h. A similar procedure was used to oxidise CNTs at higher 
temperatures, 50 oC and 70 oC respectively, using the same concentration of HNO3. 
The amount of acid groups attached to the walls of CNTs was estimated by using an alkalimetry 
titration method.15 In this method, the oxidized nanotubes were suspended in NaCl (0.1 mol l-1) 
electrolyte. This corresponds to the back titration of the hydrogen ions evolved owing to the ion 
exchange between the electrolyte cations and the active hydrogens of the functional groups. The 
change of the pH of the suspension during the addition of the titrant is due to the progressive 
dissociation of acidic groups. The quantities of strong acids correspond to the acid group 
dissociated in solution of pH less than 7. Stronger acids with pKa less than 7 mainly comprise of 
carboxylic acids and this can be titrated using a very weak base such as NaHCO3. Weaker acids, 
mainly comprise of phenolic groups (with the possible existence of carbonyl groups) can be 
titrated with NaOH.15 Furthermore, the functionalized CNTs were characterized using 
transmission electron microscopy (TEM), thermogravimetric analysis (TGA) and Raman 
spectroscopy.  
3.3.6 Amination of CNTs 
A covalent functionalization of CNTs was carried out using the method utilized by              
Phillip et al.16 as shown in Scheme 3.1. Generally, the oxidized nanotubes (100 mg) were placed 
in a 500 cm3 round-bottomed flask containing dry THF (100 cm3). The mixture was then 
sonicated in an ultrasonic bath for 30 min to disperse the CNTs in the solvent. To this mixture 
was added thionyl chloride (5 cm3) and the mixture was heated at reflux for 24 hours at 70 oC 
under a continuous flow of argon gas. After 24 h, the mixture was allowed to cool to room 
temperature under the flow of argon and the excess thionyl chloride was removed using a 
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vacuum pump. The product (CNT-acid chloride) was further washed with dry THF and vacuum 
dried at room temperature for 12 h. Dry THF (50 cm3) and 2-thiopheneethyl amine (1.3 g) were 
then added to the mixture. The mixture was subsequently stirred at 90 oC for 3 days. The reaction 
mixture was then allowed to cool to room temperature and the product was collected by filtration 
filtered and dried under vacuum to give the corresponding functionalized CNTs (f-CNTs).  
 
O
OH
SOCl2
THF, 60 oC
O
Cl
H2N-R
THF, 90 oC
O
N
H
R
R=
S
 
                       Scheme 3.1: Covalent functionalization of CNTs16 
 
3.3.7 Non covalent functionalization of CNTs 
This work describes the synthesis of carbon nanotubes that were not functionalized. The purified 
CNTs (0.120 g) were placed into a quartz boat at room temperature and the boat was placed in 
the centre of the quartz tube in a furnace. The furnace was then heated at 10 oC per minute to  
350 oC while nitrogen was passed over the sample at 40 cm3 per minute. The sample was then 
heated for 30 min at 350 oC in order to remove organic hydrocarbons and other possible 
functional groups that may have formed during purification. The furnace was then left to cool 
down to room temperature under a continuous flow of N2 at the same flow rate. Finally, the boat 
was removed from the reactor and the product weighed and characterized. 
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3.3.8 Synthesis of polythiophene  
Polythiophene (PTh) was synthesized using an in situ chemical oxidative polymerization method 
reported by Karim et al.17 (Scheme 3.2). Generally, ferric chloride (4 mol) was placed into a   
500 cm3 round bottomed flask containing 100 cm3 of anhydrous CHCl3. This was sonicated for       
30 minutes at room temperature. Thiophene monomer (1 mol monomer in 50 cm3 CHCl3) was 
then added dropwise to the slurry with constant stirring. The reaction mixture was stirred at room 
temperature for a further 24 h under a flow of argon gas after which polymerization was 
terminated by the addition of methanol to the reaction system. The red powder, PTh, was 
collected by filtration using a Büchner funnel and a filter paper (MN 16, 110 mm). The polymer 
was subsequently washed with methanol (100 cm3), chloroform and water (1:1 ratio), followed 
by drying under vacuum at 50 oC for 24 h.  
S
S
S
n
S FeCl3
dry CHCl3
 
                  Scheme 3.2: Polymerization of thiophene17 
PTh was characterized using transmission electron microscopy (TEM), thermogravimetric 
analysis (TGA), Raman spectroscopy, FTIR spectroscopy, scanning electron microscopy (SEM) 
and elemental analysis and the results are discussed in Chapter four. 
3.3.9 Synthesis of CNT/PTh nanostructures 
Different methods have been used to incorporate nanotubes into a polymer matrix. Common 
methods include direct mixing,18-20, solution mixing,21 electrospinning,22 and  in situ chemical 
oxidative polymerization methods.17,23-27 Karim et al.17 (Scheme 3.3) reported the successful 
synthesis of PTh/SWNT composites using an in situ chemical oxidative polymerization method 
and this procedure was used in this study to synthesize f-CNT/PTh composites and CNT/PTh (in 
the case of unfunctionalized carbon nanotubes). In this approach of synthesizing homogeneous 
polymer nanotubes composites, the matrix polymer is formed in the presence of nanotubes. 
Generally, CNTs are dispersed in a solution of a monomer that forms the matrix polymer 
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followed by addition of a polymerization initiator. Thus, the polymer is formed in the presence 
of CNTs. This results in a composite being formed in a single step. It is important to note that 
this method usually leads to a firm wrapping of a polymer onto the nanotubes. 
In a typical reaction, f-CNTs (50 mg) were placed into the 500 cm3 round-bottomed flask 
containing 100 cm3 of anhydrous CHCl3. This mixture was sonicated for 30 minutes at room 
temperature. To this mixture was added anhydrous FeCl3 and the mixture was sonicated for an 
additional 30 min in order to form a good suspension of FeCl3 and f-CNT in chloroform. 
Thiophene monomer (0.5 g) in 50 cm3 CHCl3 was then added dropwise to the slurry with 
constant stirring. The reaction mixture was subsequently stirred at room temperature for a further 
24 h under a flow of argon gas. Polymerization was then terminated by the addition of methanol 
to the reaction system. The reddish brown powder (f-CNT/PTh) was collected by filtration and 
washed with methanol (100 cm3), chloroform and water (1:1 ratio). It was then dried under 
vacuum at 50 oC for 24 h and weighed.  
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Scheme 3.3: Synthesis of f-CNT/PTh17 
3.3.10 Characterization techniques used in the study 
Techniques used for characterization in this study include: transmission electron microscopy 
(TEM), thermal gravimetric analysis (TGA), Raman spectroscopy, FTIR spectroscopy, scanning 
electron microscopy (SEM) and elemental analysis, and these techniques are discussed briefly in 
the next sections.  
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3.3.10.1  Transmission electron microscopy 
Transmission electron microscopy (TEM) is a microscopy technique whereby a beam of 
electrons is transmitted through an ultra thin specimen. The beam thus interacts with the 
specimen as it passes through and an image is formed from the interaction of the electrons and 
the specimen. This image is magnified and finally focused onto an imaging device.28  
About 2 mg of a sample to be analyzed was placed in a glass vial containing 2 cm3 of methanol. 
The mixture was then sonicated for 10 minutes to give a homogeneous suspension of CNTs in 
the solvent. A drop of the suspension was then spread on a carbon copper grid (200 mesh) and 
allowed to dry at room temperature. The grid was then mounted onto an exchange rod and placed 
into the TEM chamber and was ready for viewing. 
 In this study, a TEM JEOL 100S was used to study the material’s general morphology and the 
diameters of CNTs before and after functionalization. The results of this analysis are discussed in 
Chapter four.   
3.3.10.2  Thermogravimetric analysis 
Thermal gravimetric analysis (TGA) is an analytical technique used to determine a material’s 
thermal stability and its fraction of volatile components by monitoring the mass change that 
occurs as a specimen is heated. As materials are heated, they can lose weight from a simple 
process such as drying, or from chemical reactions that liberate gases. In addition, some 
materials can gain weight by reacting with the atmosphere in the testing environment. Since 
weight loss and gain are disruptive processes to the sample material or batch, knowledge of the 
magnitude and temperature range of those reactions are necessary in order to design adequate 
thermal ramps and holds during those critical reaction periods.29 
In a standard run, a sample of the test material was placed into a high temperature alumina cup 
that was supported on an analytical balance located in the furnace chamber. The balance was 
zeroed, and the sample cup was increasingly heated at 10 oC per minute in a desired atmosphere. 
The balance then sends the weight signal to the computer along with the sample temperature and 
the elapsed time. The TGA curve plots the TGA signal, converted to percent weight change on 
the Y-axis against the temperature on the X-axis.30 In this study, the material’s thermal stability 
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was studied using a Perkin Elmer Thermogravimetric Analyzer (TGA 4000) and the results are 
discussed in the next chapter. 
3.3.10.3  Raman spectroscopy 
Raman spectroscopy is a spectroscopic technique used in chemistry and other branches of 
science to study vibrational, rotational and other low-frequency modes in a system. It relies on 
inelastic scattering or Raman scattering of monochromatic light, usually from a laser in the 
visible, near infrared or near ultraviolet-range. The laser light interacts with phonons or other 
excitations in the system, resulting in the energy of the laser photons being shifted up or down. 
The shift in energy therefore gives information about the photon modes in the system. 
The Raman effect occurs when light impinges upon a molecule and interacts with the electron 
cloud and the bonds in that molecule. The incident photon therefore excites the molecule into a 
virtual state. For the spontaneous Raman effect, the molecule will be excited from the ground 
state to a virtual energy state, and relax into a vibrational excited state. For a molecule to be 
Raman active, a change in the molecular polarization potential or amount of deformation of the 
electron cloud with respect to the vibrational coordinate is required. The amount of the 
polarizability change will determine the Raman scattering intensity, whereas the Raman shift is 
equal to the vibrational level that is involved 
Typically, a sample is illuminated with a laser beam. Light from the illuminated spot is collected 
with a lens and sent through a monochromator. Wavelengths close to the laser line and due to 
elastic Rayleigh scattering are filtered out while the rest of the collected light is dispersed onto a 
detector.31,32 
This technique was used to study the vibrational properties and the electronic structures of CNTs 
and their corresponding composites. The so-called G-band is a characteristic feature of the 
graphitic layers and corresponds to the tangential vibration of the carbon atoms, while a D-band 
is a typical sign for the defective graphitic structures.33 In this study, the measurements were 
done using a Jobin-Yvon T64000 Raman spectrometer. 
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3.3.10.4  Fourier transform infrared spectroscopy 
Fourier transform infrared spectroscopy (FTIR) is a most useful analysis technique that provides 
information about the chemical bonding or molecular structure of materials that are either 
organic or inorganic. It can be utilized to quantify components of an unknown mixture. It can be 
applied to the analysis of solids, liquids, and gasses. The term Fourier Transform Infrared 
Spectroscopy (FTIR) refers to a more recent development in the manner in which the data is 
collected and converted from an interference pattern to a spectrum.34,35  
FTIR spectroscopy exploits the fact that molecules have specific frequencies at which they rotate 
or vibrate corresponding to discrete energy levels. These frequencies are determined by the shape 
of the molecular potential energy surfaces, the masses of the atoms and by the associated 
vibronic coupling. The frequency of the vibrations can thus be associated with a particular bond 
type.  
The infrared spectrum of a sample is collected by passing a beam of infrared light through the 
sample. Exaination of the transmitted light reveals how much energy was absorbed at each 
wavelength. From this, a transmittance or absorbance spectrum can be produced, showing at 
which infrared wavelengths the sample absorbs. Analysis of these absorption characteristics 
reveals details about the molecular structure of the sample.36,37  
In this study, a Brucker-Tensor 27-ATR FTIR spectrometer was used to study the functional 
groups that were present in both functionalized and unfunctionalized CNTs. 
3.3.10.5  Scanning electron microscopy 
The scanning electron microscope (SEM) is a type of electron microscope that images the 
sample surface by scanning it with a high-energy beam of electrons in a raster scan pattern. The 
electrons interact with the atoms that make up the sample producing signals that contain 
information about the sample's surface topography, composition and other properties such as 
electrical conductivity.38-40 
In a typical SEM analysis, an electron beam is emitted from an electron gun fitted with a 
tungsten filament cathode. The beam passes through a pair of scanning coils of deflector plates in 
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the electron column which deflect the beam in the x and y axes so that it scans over a rectangular 
area of the sample surface.  
Unfunctionalized and functionalized CNTs were mounted on aluminum stubs with carbon tape 
or cadmium graphite as support. The samples were then coated with gold to make the surface 
conductive before being submitted for SEM analysis. The surface morphology of these materials 
was investigated in this study by using (JEOL, JSM-840 Scanning microscope). 
3.3.10.6  Elemental Analysis 
Elemental analysis (EA) is a process in which a sample is analyzed for its elemental and isotopic 
composition.41 Elemental analysis can be qualitative (determining what elements are present), 
and it can be quantitative (determining how much of each are present).  
Elemental analysis almost always refers to CHNX analysis, i.e the determination of the 
percentage weights of carbon, hydrogen, nitrogen, and heteroatoms (X) such as halogens and 
sulfur in a sample. This information gives the determination of the structure of an unknown 
compound, as well as to help ascertain the structure and purity of a synthesized material. 
In this study, a Carlo Erba NA 1500 NCS analyzer was used to determine the percentage weights 
of carbon, nitrogen and sulphur of the purified and functionalized materials and the results are 
presented in chapter four (the analysis was performed at ARC-Institute for soil, climate and 
water). 
3.4 Section B: Nitrogen-doped CNTs 
In this section, the method of synthesizing nitrogen doped carbon nanotubes (N-CNT) and their 
corresponding PTh nanostructures is described. 
 3.4.1 Synthesis of N-CNTs using a floating catalyst CVD method 
The CVD floating catalyst method is a common method used to make CNTs on a large scale. In 
this technique, a carbon source and a catalyst, both in liquid form, are passed through a hot 
quartz tube where the carbon source decomposes to form CNTs.42,43 The catalyst used in this 
method is normally a volatile organometallic complex such as ferrocene (FcH).44,45 In addition, 
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use of nitrogen-containing precursors in the CVD method allows one to synthesize nitrogen-
containing CNTs (N-CNT). 
The N-CNTs used in this study were synthesized using a floating catalyst CVD method,     
Figure 3.2. In a typical run, a weighed empty boat was placed in a horizontal quartz tube                   
(800 mm × 28 mm) which was placed in a furnace. The furnace was heated to 900 oC under a 
continuous flow of H2 (5 %) gas in argon. This gas mixture was supplied by the company Afrox. 
A mixture of catalyst (2.5 %), toluene (90 %) and tetramethylethylenediamine (7.8 %) by weight 
was placed in a glass vial, mixed thoroughly and transferred into a 20 cm3 syringe driven by a 
SAGE pump. The solutions were then injected into the tube of the furnace at 0.8 cm3/min. The 
solution was subsequently vaporized and the vapor was carried to the high temperature zone by 
the flowing gas where deposition of the carbon and nitrogen source and formation of N-CNTs 
took place. The reactor system was then allowed to cool to room temperature under a flow of 5% 
H2 in argon. Finally, the boat containing carbon nanotubes was then removed from the tube, 
weighed and was ready for characterization. 
 
 
 
 
 
 
 
Figure 3.2: Schematic representation of floating catalyst CVD42 
3.4.2 Purification of N-CNTs 
The N-CNTs were purified using a concentrated hydrochloric acid solution (32 %). About 1.0 g 
of the synthesized N-CNTs were placed in a round-bottomed flask containing HCl (100 cm3) and 
the mixture was sonicated for 30 min at room temperature. The mixture was then heated at reflux 
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at 100 oC for 48 h, allowed to cool to room temperature. Filtration of the solid was achieved 
using Büchner funnel and a filter paper (MN 16, 110 mm), this was then followed by washing 
with distilled water until the pH of the filtrate was around 7. The purified material was 
subsequently dried in an oven at 120 oC for 12 h and vacuum dried for another 12 h. Finally, the 
purity of the N-CNTs was determined using various characterization techniques including TEM 
and TGA (see Chapter 4). 
3.4.3 Functionalization of N-CNTs  
The procedures for both covalent and non-covalent functionalization of the N-CNTs are 
discussed below. In particular, the Prato reaction was used for the covalent functionalization of 
the N-CNT materials.46 
3.4.3.1 Covalent functionalization of N-CNTs (the Prato reaction) 
 In fullerene chemistry, the Prato reaction describes the functionalization of fullerenes and 
nanotubes with azomethine ylides in a 1,3-dipolar cycloaddition reaction. The amino acid, 
sarcosine reacts with paraformaldehyde when heated at reflux in toluene to give an ylide which 
reacts with a double bond in a 6,6 ring position in a fullerene in a 1,3-dipolar cycloaddition to 
yield a N-methylpyrrolidine derivative.46  
NR2
R1
C60
R1NHCH2COOH + R2CHO
 
Scheme 3.4: 1,3- Cycloaddition on C60 (Prato reaction)46 
In this study, the Prato reaction was used to functionalize the synthesized carbon nanotubes, as 
shown in Scheme 3.5. 
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Scheme 3.5: The Prato reaction, functionalization of N-CNTs 
The Prato reaction was used to functionalize N-CNTs according to Scheme 3.5. Generally,    
0.10 g of purified N-CNTs was dispersed in 50 cm3 1,2-dichlorobenzene and the mixture was 
sonicated for 30 min. To this was added 1.0 g of 3-thiophenecarboxaldehyde, followed after 24 h 
by the addition of sarcosine (98 %) (1.24 g), which was added in small portions (~0.25 g per day 
for 5 days). After the last addition of sarcosine, the reaction was allowed to stir for a further 24 h. 
The reaction mixture was then allowed to cool to room temperature, filtered with a membrane 
filter (PTFE 47 mm, 1.0 µm), washed with dimethylformamide (DMF) and then several times 
with methanol and a mixture of acetone and water. Finally, the functionalized N-CNTs             
(f-N-CNTs) were dried under vacuum for 24 h at room temperature. The resulting materials were 
characterized using TEM, TGA, Raman spectroscopy, SEM and Elemental analysis               
(See Chapter 4) 
3.4.3.2 Non covalent functionalization of N-CNTs  
Non covalent functionalization of N-CNTs was carried out as described elsewhere Section 3.6.3. 
3.4.4 Polymerization of thiophene monomer and synthesis of the composite materials  
Karim et al.17 reported the successful synthesis of CNT/PTh composites, and other groups, in the  
same manner synthesized the composites of poly(3-hexylthiophene) (P3HT) and carbon 
nanotubes.26,27 Others have also reported the synthesis of composites of polyaniline and  CNTs.23 
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Scheme 3.6: Synthesis of PTh (a) and f- N-CNT/PTh (b)17 
The in situ chemical oxidative polymerization method for the polymerization of thiophene 
monomer and f-N-CNTs was carried out as shown in Scheme 3.6 above. In a typical run, 50 mg 
of f-N-CNTs was placed into a 500 cm3 round-bottomed flask containing 100 cm3 of anhydrous 
CHCl3. This mixture was then sonicated for 30 minutes at room temperature. To this mixture 
was added anhydrous FeCl3 and the mixture was sonicated for an additional 30 min to form a 
good suspension of FeCl3 and f-N-CNTs in chloroform. Thiophene monomer (0.5 g) in 50 ml 
CHCl3 was added drop-wise to the slurry with constant stirring. The reaction mixture was then 
stirred at room temperature for a further 24 h, after which polymerization was terminated by the 
addition of methanol to the reaction system. The reddish brown powder (f-N-CNT/PTh) 
nanostructures was collected by filtration and washed with methanol (100 cm3), chloroform and 
water (1:1 ratio). It was then dried under vacuum at 50 oC for 24 h, weighed and characterized 
(see Chapter 4).  
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CHAPTER FOUR 
RESULTS AND DISCUSSIONS 
 
4.1 Introduction 
This chapter presents the results obtained in this dissertation study. This includes the 
characterization of carbon nanotubes as well as the nanostructures formed by incorporating 
carbon nanotubes into polythiophenes using the various techniques that were discussed in the 
previous chapter (Chapter 3). 
This chapter consist of two sections; Section A (Section 4.2) gives the results and discussion 
associated with the undoped carbon nanotubes and the polymerization studies using the 
thiophene. Section B (Section 4.3) gives the results and discussion of the nitrogen-doped carbon 
nanotubes. Each section ends with a brief summary of the main conclusions revealed in the 
study. 
4.2 Section A: Results and discussions associated with undoped CNTs 
This section presents the results and discussions obtained on undoped carbon nanotubes that 
were synthesized by the chemical vapour deposition (see Section 3.3.1). Also discussed in this 
section are the CNT functionalization reactions and the polymerization of the thiophene. The 
section concludes by discussing the characterization of the materials formed by incorporating 
CNTs into polythiophenes. 
4.2.1 Synthesis of CNTs by CVD method 
CNTs were essentially made from acetylene. This was achieved over a 1:1 Fe/Co catalyst 
supported on CaCO31,2 (for the full experimental procedure see Section 3.3.1.1) . Two different 
catalysts, differing in metal loading, were used for the synthesis of the CNTs. The catalysts used 
contained 5 % and 10 % Fe/Co supported on CaCO3. 
The percentage yield of carbon nanotubes grown by the CVD method was determined assuming 
that all the carbonate (CaCO3) was converted to calcium oxide (CaO). The percentage yield 
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resulting from the synthesis of CNTs using 5 % and 10 % weight Fe/Co on CaCO3 was 
calculated for four separate experiments (Table 4.1a and Table 4.1b).  
Table 4.1a: Yield of CNTs using 5 % Fe/Co on CaCO3 
 
Table 4.1b: Yield of CNTs using 10 % Fe/Co on CaCO3 
Experiment No. Mass of catalyst used 
(g) 
 
Mass of CNTs 
obtained (g) 
Yield (%) 
1 0.80 
 
1.82 420 
2 0.80 
 
1.73 394 
3 0.80 
 
1.89 440 
4 0.80 
 
1.69 382 
   
    
    
    
    
Experiment No. Mass of catalyst used 
(g) 
 
Mass of CNTs 
obtained (g) 
Yield (%) 
1 0.51 
 
2.56 1064 
2 0.51 
 
2.87 1205 
3 0.50 
 
2.77 1159 
4 0.51 
 
2.81 1177 
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These reactions were performed under the same reaction conditions, i.e. the gas flow rate was 
240 cm3 per minute and 90 cm3 per minute for nitrogen and acetylene respectively at a 
temperature of 700 oC. Due to the high yield of materials with 10 % metal loading, which was 
eventually causing blockage of the quartz tube used, the mass of the catalyst had to be reduced 
from 0.8 g to 0.5 g. The average yield values for the total carbon deposit were calculated using 
formula (1) reported elsewhere,3 
w3 - (w1- w2)
(w1-w2)
x 100C% =
         (1) 
where W1 is the initial weight of the catalyst, W2 is the weight loss of the catalyst at reaction 
temperature, and W3 is the weight of the carbon deposit and the catalyst. The average yield 
values for the 5 % Fe/Co and 10 % Fe/Co were 409 and 1151 % respectively. The data indicated 
good reproducibility for the given procedure.  
From the two tables, Table 4.1a and Table 4.1b, it is observed that the 10 % weight Fe/Co 
catalyst supported on CaCO3 gives a higher yield of carbon nanotubes as compared to the 5 % 
weight Fe/Co catalyst on CaCO3. The yield is more than double that of 5 % Fe/Co on CaCO3. 
This high yield was due to the availability of more Fe and Co nanoparticles onto the support. The 
CNTs produced over 10 % Fe/Co on CaCO3 were used in the studies described below. 
4.2.1.1 Transmission electron microscope of as-synthesized and purified CNTs 
The as-synthesized nanotubes were obtained as a black powder (soot-like material) and TEM 
was used to check that the synthesized materials contained CNTs. TEM micrographs of the       
as-synthesized and purified CNTs are shown in Figure 4.1a and Figure 4.1b respectively. 
It is observed from Figure 4.1a that the as-synthesized materials contain hollow tubular 
structures and impurities which comprise of amorphous carbon, CaO and metal catalyst particles 
(seen as dark spots). These are common impurities found in samples grown by the CVD method 
described.4,5 The TEM micrograph also shows that the synthesized carbon nanotubes were not 
uniform in diameter. This was quantified by the diameter measurements of over 100 CNTs. The 
diameter distribution is given in a histogram (Figure 4.1a). 
  
 
 
 
 
 
 
Figure 4.1a: As-synthesized carbon nanotubes and a histogram showing the diameter 
The histogram shows that the material
diameter of the as-synthesized 
This material was next washed with 30 % HNO
This procedure leads to only minor oxidation of the CNTs (see 
the purified CNTs is given in 
of impurities was reduced; for instance the dark sports were no longer evident.
 
 
 
 
 
 
Figure 4.1b
measurements of the tubes 
’s diameters range from 20 to 70 nm. The average 
CNTs was found to be 30 nm.  
3 at room temperature to remove the impurities.
Section 4.3
Figure 4.1b. From the TEM image it is observed that the amount 
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4.2.1.2 Thermogravimetric analysis of CNTs 
Thermal gravimetric analysis (TGA) of as-synthesized as well as purified materials was 
performed in order to compare the materials before and after purification. The graphic 
representations of this experiment are shown, along with the derivative plots, in Figure 4.2a and 
Figure 4.2b. 
It is observed in Figure 4.2a that as-synthesized CNTs contained about 10 % residue which is 
proposed to be mainly due to the metal catalyst and support. After treatment in dilute acid at 
room temperature (30 % nitric acid for 5 days), the level of impurities was decreased and a purity 
of over 99 % was achieved. During the purification process, the acid also causes defects onto the 
walls of CNTs which resulted in the purified CNTs being thermally less stable compared to     
as-synthesized CNTs. Dilute nitric acid thus successfully removed the metal catalyst and support. 
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Figure 4.2a: TGA plot of as-synthesized and purified CNTs recorded in air 
The derivative plot data indicates that the catalyst and support residues did not have a major 
effect on the thermal decomposition characteristics of the CNTs. Removal of the Fe and Co 
(Sample b) revealed that the metals did not catalyze CNT oxidation, i.e. the decomposition did 
not occur at a significant lower temperature in the presence of the metals.  Indeed, the maximum 
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decomposition temperature of as-synthesized CNTs occurs at 694 oC and the purified CNTs 
decompose at 682 oC, which is a lower temperature than that of the as-synthesized material.  
 
 
 
 
 
 
 
 
 
Figure 4.2b: The derivative plot of as-synthesized and purified CNTs 
4.2.1.3 Raman spectra of as-synthesized and purified CNTs 
A Raman spectrum of as-synthesized and purified CNTs shows the two important Raman bands, 
the D- and G-bands. These are shown in Figure 4.3.  
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Figure 4.3: Raman spectra of as-synthesized and purified CNTs 
The D-band is due to amorphous or non-crystalline carbon present in the material.6 The G-band, 
on the other hand, which correspond to the splitting of the E2g stretching mode of graphite, arises 
due to the tangential vibrations of the carbon atoms.7 The ratio of the intensities of these bands 
(ID/IG or IG/ID), or the ratio of their areas, provides information on the graphiticity or lack of 
defects associated with nanotubes. Raman spectra of the as-synthesized and purified CNTs are 
given in Figure 4.3. The ID/IG intensity ratio of the as-synthesized and purified CNTs was found 
to be 0.84 and 0.80 respectively. As-synthesized CNTs show a higher ID/IG ratio, which indicates 
the presence of non-crystalline carbon in the materials. After purification, the ratio decreased to 
0.80 which indicates a decrease in non-crystalline carbon. This suggests that the as-synthesized 
CNTs contained more impurities, including the catalyst, which was removed by purification in 
mild acid (30 % nitric acid).  
4.2.2 Oxidation of carbon nanotubes 
Oxidation of CNTs involving extensive ultrasonic treatment in a mixture of 3:1 concentrated 
sulphuric acid and nitric acid respectively allows for the functionalization of CNTs. These 
conditions lead to the opening of the tube caps as well as the formation of holes in the sidewalls, 
followed by oxidative etching along the walls of the nanotubes. This results in the formation of 
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nanotube fragments with ends and sidewalls that are decorated with a high density of various 
oxygen containing groups (mainly carboxyl groups).8 
Under less vigorous conditions such as heating at lower temperatue in concentrated nitric acid, 
the shortening of the tubes can be minimised. The chemical modification is then limited mostly 
to the opening of the tube caps and the formation of functional groups at defect sides along the 
sidewalls. Nanotubes functionalized in this manner basically retain their electronic and 
mechanical properties.8 
To vary the degree of functionalization of the CNTs, the purified materials was oxidized with 
concentrated HNO3 at different temperatures, (25, 50 and 70 oC) for 24 h, specifically to 
introduce oxygen-containing functional groups (mainly hydroxyl and carboxylic groups) onto the 
walls of the nanotubes. The oxidatively-introduced carboxyl groups represent useful groups for 
further modification, as they enable the covalent coupling of molecules through the creation of 
other bonds such as amide and ester bonds.  
4.2.2.1 Transmission electron microscope of oxidized carbon nanotubes 
Morphological studies of the oxidized CNTs were undertaken using TEM and some examples of 
the micrographs of such oxidized materials are given in Figure 4.4. The conditions utilized to 
functionalize the CNTs with concentrated nitric acid are as follows: 
a: CNT:24:25 - CNTs oxidized for 24 h at 25 oC. 
b: CNT:24:50 - CNTs oxidized for 24 h at 50 oC 
c: CNT:24:70 - CNTs oxidized for 24 h at 70 oC 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 4.4: TEM image of 
It is observed from Figure 4.4 (a,b)
CNTs. However at 70 oC, some of the nanotubes become rougher on their surface
This however, did not affect the
After treatment with nitric acid at different temperatures, the amount of acid groups attached 
onto the surface of CNTs was estimated using
this technique).9 CNTs can be tit
titration of the oxidised materials
from Table 4.2 show that as expected, when the
increased, the amount of acid groups on the walls of
consistent with TGA and Raman spectroscopy
(a) CNT:24:25, (b) CNT:24:50 and (c,d)
 that oxidation of CNTs did not affect the
 tubes dimensions as is also shown in Figure 4.4(c,d)
 alkalimetry (see Section 3.3.5 for a description of 
rated using bases such as NaHCO3 or NaOH.
 made in this study are summarised in Table
 temperature of the functionalization reaction 
 CNTs also increased
 results (discussed in the next sections)
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 The results for the 
 4.2. The results 
. This observation is 
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Table 4.2: Amount of acid groups attached onto CNTs at different temperatures 
 
4.2.2.2 Themogravimetric analysis of oxidized CNTs 
A comparison of the TGA data for the CNTs functionalized in concentrated nitric acid performed 
under air reveal that the different samples show different thermographs (Figure 4.5a). 
 
  
 
 
 
 
 
 
 
Figure 4.5a: TGA profile of oxidized CNTs recorded in air 
Sample Acid groups (mequi/g) 
 
CNT:24:25 5.75×10-3 
 
CNT:24:50 9.60×10-2 
 
CNT:24:70 2.53×10-1 
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It is observed from Figure 4.5a that as the temperature of oxidation increases, the thermal 
stability of the CNTs decreases. This is due to the presence of additional functional groups along 
the sidewalls of the CNTs. The plot also shows that as the temperature of oxidation increases, the 
amount of residual material decreases. This is because during oxidation, the purification process 
also takes place, which removes the metal catalyst.  
The derivative plots for the oxidized CNTs are given below in Figure 4.5b. 
 
 
 
 
 
 
 
 
Figure 4.5b: The derivative plot of oxidized CNTs recorded in air 
The decomposition temperature maxima for the oxidized materials are 577, 554 and 532 oC for 
CNT:24:25, CNT:24:50 and CNT:24:70 samples respectively. The results show that as the 
reaction temperature increases, oxidation increases, leading to the material decomposing at lower 
temperatures. This is due to the increasing number of defects caused during oxidation which 
implies that as the oxidation conditions become harsher, the more the walls of the nanotubes are 
modified.  
4.2.2.3 Raman spectra of carbon nanotubes 
Raman spectra of the three oxidized CNT samples show the D- and G-bands (Figure 4.6a).  
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Figure 4.6a: Raman spectra of oxidized CNTs 
A summary of results obtained from the Raman spectra showing D- and G-bands are given in 
Table 4.3. 
Table 4.3: Summary of Raman data of purified and oxidized CNTs 
 
The unfunctionalized CNTs give a low ID/IG ratio. However, after treatment of the nanotubes 
with nitric acid, the ID/IG ratio increased from 0.86 and 0.93 as the temperature was increased 
from 25 oC to 70 oC. This indicates an increase in the disorder of the nanotubes, i.e. an increase 
Sample D-band 
 
G-band ID/IG 
Purified CNTs 7667 9528 0.80 
CNT:24:25 1324 1539 0.86 
CNT:24:50 1116 1277 0.87 
CNT:24:70 1187 1270 0.93 
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in defects. This is due to the introduction of functional groups such as OH, C-O and –COOH on 
the walls of the nanotubes. These functional groups on the walls of nanotubes are associated with 
defects on the nanotubes, therefore increasing the ID/IG ratio.  
A plot of the Raman data (ID/IG) of the oxidized CNTs versus the maximum decomposition 
temperature obtained from the derivative TGA plot is given in Figure 4.6b. This data reveals a 
clear relationship between these two measurements of CNT functionalization. 
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Figure 4.6b: The plot of ID/IG (Raman) vs temperature maxima (derivative TGA) of the purified 
and oxidized CNTs 
4.2.3 Amination of CNTs 
In order to generate the covalently bonded CNT-polythophene co-polymers the acid 
functionalized CNTs were converted to amino-functionalized CNTs as shown in Scheme 4.1.  
 O
OH
S
T
Scheme 
CNTs oxidised at 70 oC (CNT:24:70
CNT-acid chloride derivatives (
mixture to give the amine-functionalized CNTs
abbreviated f-CNTs were then characterized and this will be discussed in the next section.
4.2.3.1 Transmission electron
 
 
 
 
 
 
 
Figure 4.7: TEM image of f-CNTs
The TEM image of the f-CNTs (
visible influence on the morphology of
OCl2
HF, 60 oC
O
Cl
H2N-R
THF, 90 oC
R=
S
4.1: Covalent functionalization of CNTs16 
) were therefore treated with thionyl chloride to form 
Section 3.3.6). 2-Thiophene-ethyl amine was then added to the 
 as discussed in Chapter 3
 microscopy of f-CNTs 
 and the histogram showing the diameter measurements of the 
tubes 
Figure 4.7) shows that the amination of CNTs did not have any 
 CNTs, when compared with Figure 4.4
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shows that the materials’ diameters ranged from 20 to 90 nm and that the average diameter of the 
f-CNTs was found to be 38 nm. The results show that amination of CNTs did not cause any 
significant changes in the diameters of the nanotubes as compared to that of the unfunctionalized 
CNTs (30 nm and 38 nm for unfunctionalized and functionalized CNTs respectively). 
4.2.3.2 Thermogravimetric analysis of f-CNTs 
A TGA plot of the f-CNTs run in air is given in Figure 4.8a, and Figure 4.8b gives the TGA 
plot of the f-CNTs run under nitrogen. 
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Figure 4.8a: TGA plot of f-CNTs and CNT:24:70 recorded in air 
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Figure 4.8b: TGA plot of f-CNTs recorded under nitrogen 
It is observed from Figure 4.8a that after functionalization the CNTs commence decomposing at 
a lower temperature as compared to those that are not functionalized. This results from the 
attachment of additional functional groups along the walls of CNTs. It is also observed from 
Figure 4.8b that the f-CNTs are less thermally stable under nitrogen as compared to oxidized 
CNTs. The total mass loss up to 900 oC was found to be 17.4 and 48 % for the CNT:24:70 and f-
CNTs respectively.  
4.2.3.3 Raman spectra of f-CNTs 
A Raman spectrum of the synthesized f-CNTs is given in Figure 4.9. The ratio of the intensities 
of D-band and G-band, ID/IG, was found to be 0.91. This is a higher value when compared to the 
ratio of the unfunctionalized CNTs which was found to be 0.80 (Section 4.2.3). This shows as 
expected that the functionalization had an influence on the crystallinity of the nanotubes. 
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Figure 4.9: Raman spectra of f-CNTs 
4.2.4 Polymerization of Thiophene  
After covalent functionalization, the resulting materials (f-CNTs) were incorporated into 
polythiophene. Section 4.2.4 gives the results on the polymerization of thiophene to 
polythiophene.  
The thiophene monomer was polymerized using an in situ chemical oxidative polymerization 
method discussed in the previous chapter, (Section 3.3.8) and then characterized as described in 
the following sections. 
4.2.4.1 Transmission electron microscope study of PTh 
The synthesized polythiophene (PTh) was collected as a reddish brown powder as shown in 
Figure 4.10a. The TEM image, indicating the morphology of the chemically synthesized PTh, is 
depicted in Figure 4.10b. 
 
 
 
  
 
 
 
 
 
Figure 4.1
The TEM image shows that the synthesized polymer 
structure. 
 4.2.4.2  Thermogravimetric
The thermal stability of PTh was studied using thermogravimetric analysis. The analysis was 
made by heating the polymer up to 900 
comparisons of the two analyses are shown in 
 
 
 
 
 
 
 
 
Figure 4.11 a: TGA of PTh recorded under Air (a
200 400
0
20
40
60
80
100 A
W
ei
gh
t l
os
s 
(%
)
Temperature (
0: Picture of PTh (a) and its TEM image 
has the expected “thiophene
 analysis of PTh 
oC in air and in an inert atmosphere
Figure 4.11a and 4.11b.  
) and the derivative T
200 400
-8
-6
-4
-2
0 B
96
D
e
riv
a
tiv
e
 
w
e
ig
ht
 
lo
ss
 
(%
)
Temperature (
600 800
oC)
84 | P a g e  
 
-rose” 
 (nitrogen). The 
GA plot of PTh (b) 
600 800
525
oC)
85 | P a g e  
 
The TGA graph of PTh run in air also shows that the polymer is stable up to around 400 oC. The 
plot shows that from 400 oC PTh degradates continuously and the maximum decomposition 
temperature occurs at 525 oC. The derivative curve (Figure 4.11a,b) shows a small peak at 96 oC 
due to the presence of moisture in the sample. This is in accordance with studies made by      
Gok  et al.10 They studied the synthesis and characterization of polythiophenes prepared in the 
presence of surfactants and reported the maximum decomposition temperature of pure PTh run 
in air to be 521 oC. Clearly the two procedures generate the same raw PTh. 
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Figure 4.11b: TGA plot of PTh run in nitrogen 
The results of the TGA of PTh recorded under nitrogen shows a steady mass loss up to around 
600 oC. Thereafter a more rapid change in mass occurs between 600 oC and 800 oC. The total 
mass loss up to 900 oC was calculated to be 43.6 %. 
4.2.4.3  Raman spectroscopy of PTh 
The Raman spectrum of PTh is given in Figure 4.12 and it shows two main peaks. The main 
dominant line of PTh is between 1400 and 1500 cm-1 (C=C stretching region), showing a sharp 
peak at 1455 cm-1. This peak is due to a symmetric in-phase vibration of the thiophene rings that 
spreads over the entire polymer chain.11 A weak absorption can be seen in the range              
1020-1050 cm-1, which has been attributed to a C-C stretching plus a C-H wagging component.12 
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This vibrational signature shows that in PTh the π electrons are mostly confined within each 
thiophene ring or within a very restricted domain of the chain.13,14 
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Figure 4.12: Raman spectra of PTh 
4.2.4.4  FTIR spectra of PTh 
The Fourier transform infrared (FTIR) spectra of thiophene and PTh were recorded in order to 
also study the functional groups present in thiophene and PTh. The spectra for thiophene and 
PTh are given in figure Figure 4.13a and Figure 4.13b respectively.  
The FTIR spectrum of thiophene is given in Figure 4.13a. The peaks appear at a lower 
wavelength as compared to that of PTh. The peak at 3100 cm-1 can be attributed to the C-H 
aromatic stretching vibrations of thiophene and the peaks at 1409 and 1245 cm-1 can be assigned 
to the ν3 mode of thiophene. The ν3 mode is a ring vibration that consists primarily of the 
symmetric stretching of the C=C bonds of thiophene.15,16 The peak at 831 cm-1 was attributed to a 
C-H deformation mode of thiophene. Lastly, the peak at 695 (very strong) and 567 cm-1 can be 
attributed to the C-S bending mode of thiophene.  
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Figure 4.13a: FTIR spectra of thiophene 
The FTIR spectrum of PTh (Figure 4.13b) shows a peak at 3069 cm-1 which can be attributed to 
the C-H aromatic stretching vibrations of thiophene in the polymer chain. The appearance of 
peaks at 1499 and 1433 cm-1 can be attributed to the C=C asymmetric and C=C symmetric 
stretching vibrations of the thiophene ring respectively. The peak at 1038 cm-1 was attributed to 
the C-H in-plane deformation mode and the peak at 787 cm-1 was attributed to a C-H out-of 
plane deformation mode. The peak at 691cm-1 can be attributed to the C-S bending mode which 
indicates the presence of thiophene monomer.10,14 
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Figure 4.13b: FTIR spectra of PTh 
4.2.4.5  Elemental analysis: PTh 
The process of synthesizing PTh involved the use of FeCl3 as an oxidant, which allowed the 
experiment to take place at room temperature. Due to structural disorder in the PTh chains and 
cross-linking, one positive charge is created per three thiophene rings, which is for the bonding 
of an anion from the oxidant.10 The expected elemental analysis of the PTh was calculated 
assuming a polymer composition of [(C4H2S)x+ xA-], where A represents a dopant anion. When 
FeCl3 is used in the chemical synthesis, Cl− anions electrostatically bond to PTh, and x = 0.33 is 
used in the calculation.10 The elemental analysis for PTh is given in Table 4.4, together with its 
theoretical value. 
 It is observed from Table 4.4
elemental compositions in the PTh sample are
expected for polymeric materials
 
Table 4.4
 
. 
T
 represents a theoretical value of PTh
4.2.4.6 Scanning electron microscope of 
The surface morphology of PTh was investigated using SEM. A 
Figure 4.14. The SEM image shows that PTh has 
Sample 
PTh 
PThT 
, that the differences between experimental and calcu
 large. However, these types of differences can be 
. 
: Summary of elemental analysis of PTh 
9
 
PTh 
SEM image of PTh is given in 
a globular structure.  
Figure 4.14: SEM image of PTh 
C % 
 
55.43 
 
51.13 
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 4.2.5 Synthesis of f-CNT/PTh nanostructures
The CNTs functionalized with thionyl chloride and 
polymerized to form f-CNT/PTh nanostructures. 
polymerization method discus
for preparing f-CNT/PTh nan
reactants in dry chloroform was 
4.2.5.1 Transmission electron microscope of f
A TEM image of the new material, f
 
  
 
 
 
 
Figure 4.15: TEM image of f
TEM images shows that only CNTs are observe
to the CNTs. The nanotubes a
nanostructures. It is also observed from the TEM images that PTh is tightly attached on to the 
nanotubes. TEM images show that there is a co
nanotubes generating a smooth
as compared to the as-synthesized
materials varied in diameter from 160 nm to 230 nm. An average diameter of f
found to be 192 nm. This data shows that indeed polymerization makes the CNTs thicker.
 
 
2-thiopheneethyl amine
This was achieved using the 
sed in Section 3.3.9. A stable suspension of CNTs is the
ostructures. In preparing f-CNT/PTh, continuous
therefore used to achieve this suspension. 
-CNT/PTh 
-CNT/PTh, is shown in Figure 4.15. 
-CNT/PTh and the histogram showing the diameter measurements 
of the tubes 
d, this indicates that the thiophene was attached 
re thus acting as a template for the formation of f
ntinuous wrapping of polymer on
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4.2.5.2 Thermogravimetric analysis of f-CNT/PTh 
A TGA plot (and its derivative) for PTh and f-CNT/PTh are shown in Figure 4.16a and Figure 
4.16b respectively. 
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Figure 4.16a: TGA plot of PTh and f-CNT/PTh recorded in air 
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Figure 4.16b: Derivative TGA plot of PTh and f-CNT/PTh 
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The TGA plot of the f-CNT/PTh material shows that they are stable up to approximately 300 oC 
and then there is a steady mass decrease above 300 oC, followed by a rapid mass loss around   
500 oC. The derivative TGA plot of the f-CNT/PTh shows that the maximum decomposition 
temperature of f-CNT/PTh is 550 oC. The peak at 525 oC shows the maximum decomposition 
temperature of PTh for comparison. This data shows that the presence of nanotubes in                
f-CNT/PTh results in a slight increased thermal stability of PTh.  
4.2.5.3 Raman spectra of f-CNT/PTh 
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Figure 4.17: Raman spectra of f-CNT/PTh 
The Raman spectra for the f-CNT/PTh and PTh are shown in Figure 4.17. The f-CNT/PTh 
spectra is clearly identical to that of PTh. This demonstrates that f-CNTs serve as a core in the 
formation of f-CNT/PTh nanostructures.  
4.2.6 Non-covalent synthesis of CNT/PTh nanocomposites 
The effect of a mixture of CNTs and thiophene on the formation of CNT/PTh materials was also 
undertaken for comparison with the other materials synthesized. 
 In the synthesis of CNT/PTh nanocomposites, 
for 5 days at room temperature to remove the metal particles and wash away the support. 
The CNTs were dried in an oven at 120 
temperature for a further 12 h. They were then heated in a furnace at 350 
nitrogen gas for 30 min to remove any 
(see Section 3.3.7). Polymerization was then carried out as described elsewhere (
A TEM image of such a material
 
Figure 4.1
It is observed that in this synthesis
coats the CNTs and also appears to form PTh bundles
wrapped by polymer as reported 
efficient as was achieved by using funct
4.2.7 Summary 
Using Fe/Co catalyst supported on CaCO
synthesized by a CVD method. The synthesized CNTs were then purified using 30 % HNO
room temperature. The amount of acid groups attached 
with increase of temperature. I
groups along their sidewalls as compare
fact that further functional groups have to be attached onto the CNTs, it was therefore considered 
as-synthesised CNTs were purified in mild acid 
oC for at least 12 h and then dried 
functional groups formed during the 
 is given in Figure 4.13. 
8: TEM image of CNT/PTh nanocomposites
, that is the non-covalent polymerization reaction
. Thus, unfunctionalized nanotubes can 
in the literature,14,17,18 but the wrapping process is not as 
ionalized CNTs. 
3, CNTs with an average diameter of 30 nm were 
onto the walls of 
t was observed that CNTs oxidized at 70 oC contained
d to CNTs oxidized at 25 oC and 50 
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oC under a flow of 
purification process 
Section 3.3.9). 
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worthwhile to use CNTs oxidised at 70 oC for further functionalization. The as-synthesized and 
functionalized materials were finally characterized using TEM, TGA and Raman spectroscopy. 
PTh was synthesized using an in situ chemical oxidative polymerization method. The 
synthesized PTh was characterized using TEM, TGA, Raman spectroscopy, FTIR, SEM and 
elemental analysis. CNTs were successfully incorporated into PTh as determined by TEM 
images. Unfunctionalized CNTs were also reacted with thiophene and this resulted in the 
polymer wrapping the CNTs and forming the PTh film.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 4.3 Section B: Results and discussions associated with Nitrogen
This section presents the results and discussions obtained on the nitrogen
were synthesized by the floating catalyst chemical vapour deposition method (see 
Also discussed in this section are the N
section concludes by discussing the
N-CNTs into polythiophenes 
4.3.1 Synthesis of N-CNTs 
Nitrogen-doped carbon nanotubes (N
catalyst chemical vapor deposition method using ferrocene as a catalyst, toluene as a carbon 
source18 and tetramethylethylenediamine
solid soot like material which was utilized 
4.3.1.1 Transmission electron microscope of N
A transmission electron microscope
formed in the above reaction, 
 
 
 
 
 
 
 
Figure 4.19a: TEM image of as
-doped CNTs
 
-CNT functionalization reactions (the Prato reactio
 characterization of the materials formed by incorporating    
 by floating catalyst CVD method 
-CNTs) used in this study were synthesized by a floating 
  as a source of nitrogen. The method generated black 
in the rest of this study.  
-CNTs 
 image of the impure N-CNTs and a histogram 
showing the diameter measurements are given
-synthesized N-CNTs and a histogram showing the diameter 
measurements of the product 
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carbon nanotubes that 
Section 3.4.1). 
n). The 
of the product 
 in Figure 4.19a. 
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Figure 4.19b: High magnification TEM image of 
It is observed from the TEM ima
as dark spots) which are suspected to be amorphous carbon. In addition, the TEM image shows 
that the synthesized nanotubes have a characteristic bamboo shape 
characteristic of nitrogen incorpo
magnification TEM image of these nanotubes showing the bamboo compartment is given in 
Figure 4.19b. The TEM image
not uniform in shape and size. These characteristic were
made on the as-synthesized N
as-synthesized N-CNTs had diameter
nanotubes having diameters between 30 and 40 nm. The average diameter of the nanotubes was 
found to be 38 nm.  
N-CNTs were then purified by heating at reflux 
the impurities. A TEM image of 
 
 
N-CNT/PTh showing bamboo compartment
ge that the as-synthesized N-CNTs have 
with compartments.
ration into a carbon lattice made using Fe catalyst.
 (Figure 4.19a) also shows that the synthesized nanotub
 also confirmed by the diameter studies 
-CNTs. The histogram (Figure 4.19
s in the range of 20 and 80 nm, with about 80 % of the 
in concentrated HCl for 48 h
the purified N-CNTs is given in Figure 4.19
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 to remove some of 
c. 
 Figure 4.19
 It is observed from Figure 4.19
level of impurities were decreased
materials by the acid digestion procedure.
4.3.1.2 SEM analysis of N-CNTs
The external morphology of 
microscope and the SEM image
observed from the SEM image
 
 
 
 
 
 
Figure 4.20: SEM image of
. 
 
c: TEM image of purified N-CNTs 
c that compared to as-synthesized N-CNTs (
. This figure shows that the impurities were removed from the 
 
 
the CNTs was next investigated using a
s of pristine and purified materials are
s that the pristine and purified N-CNTs are not 
 (a) pristine N-CNTs and (b) purified
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4.3.1.3 Thermogravimetric analysis of N-CNTs 
The TGA plot of the N-CNTs (Figure 4.21a) show that these materials are stable up to 500 oC. 
Above this temperature, the material starts oxidizing and the derivative plot (Figure 4.21b) 
shows its maximum decomposition temperature occurs at 729 oC. 
 
 
 
 
 
 
 
 
Figure 4.21: TGA plot of the N-CNTs and the derivative plot (b) recorded in air 
4.3.1.4 Raman spectra of N-CNTs 
 
 
 
 
 
 
 
Figure 4.22: Raman spectra of N-CNTs 
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A Raman spectra of N-CNTs given if Figure 4.22. The ratio of the intensities of D-band and G-
band (ID/IG) was found to be 0.63. This indicates that the materials have some graphitic character 
with some noncrystalline carbon. 
4.3.1.5 Elemental analysis of N-CNTs 
The elemental analysis for N-CNTs (purified) was performed and the results of the elemental 
composition are given in Table 4.5. 
Table 4.5: Summary of elemental analysis of N-CNTs 
 
The table shows that the synthesized material contained about 88 % of carbon and the doping 
method used produced approximately 1.9 % nitrogen in the CNTs.  
4.3.2 Prato functionalization of N-CNTs 
N-CNTs (purified) were functionalized using the Prato reaction20 (Scheme 4.2) as discussed 
elsewhere (Section 3.4.3.1).  This new material is called f-N-CNTs. 
+
NH
O
OH
n-methylglycine
+ SO
3-thiophenecarboxaldehyde
S
N-CH3
DCB
160oC
N-CNTs f-N-CNTs  
Scheme 4.2: The Prato reaction, functionalization of N-CNTs 
Sample 
 
C% N% S% 
N-CNTs 
 
88.30 1.87 N/D 
 4.3.2.1 Transmission electron microscope images of f
The TEM image of f-N-CNTs is given in 
 
Figure 4.23: TEM image of f
It is observed from Figure 4.2
functionalization. In addition, the morphology studies show that functionalization did not have 
much effect on the walls of these materials as the average
40 nm, close to the average diameter of the unfunctionalized N
4.3.2.2 Thermogravimetric analysis of f
TGA was next used to determine
functionalized N-CNTs. Figure 4.2
thermograph of the purified, unfunctionalized
about 600 oC after which they eventually start
contain about 7 % residue which is
shows that the maximum decomposition temperature of N
f-N-CNTs show that they are stable below 300 
residue was reduced (half as compared to t
 
-N-CNTs  
Figure 4.23. 
 
 
 
 
 
-N-CNTs and histogram showing the diameter distribution of
materials 
3 that the morphology of N-CNTs was 
 diameter of f-N-
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 the thermal stability of the purified unfunctionalized
4 below gives the TGA profiles of the
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Figure 4.24a: TGA profiles of f-N-CNTs and the corresponding derivative plots recorded in air 
The derivative curve gives evidence of a low intensity peak at 360 oC and two peaks at 586 oC 
and 672 oC. The peak at 360 oC can probably be attributed to the loss of organic hydrocarbons. 
The peak at 586 oC is then most likely due to the removal of the Prato-attached functional groups 
attached to the walls of N-CNTs. The peak at 672 oC is due to the decomposition of the N-CNTs. 
This is lower as compared to the maximum decomposition temperature of unfunctionalized      
N-CNTs (729 oC). This indicates that functionalization causes defects onto the walls of N-CNTs 
and thus causes it to decompose at lower temperatures. This was also demonstrated by recording 
TGA profiles of both functionalized and unfunctionalized N-CNTs in an inert atmosphere. TGA 
profiles for such materials are given below. 
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Figure 4.24b: TGA profiles for unfunctionalized and functionalized N-CNTs, recorded in 
nitrogen 
It is observed from Figure 4.24b that in an inert atmosphere, the unfunctionalized nanotubes are 
stable with a steady mass loss below 700 oC. The functionalized N-CNTs are only stable up to 
300 oC and this is followed by a steady mass loss above 300 oC. The percentage mass loss up to 
900 oC was estimated to be 9 % and 27 % for the unfunctionalized and functionalized N-CNTs, 
respectively. This clearly shows that as compared to unfunctionalized N-CNTs, functionalized 
CNTs are thermally less stable. This is due to the defects on the walls of the nanotubes which 
results in the outer graphitic layer of the nanotubes being more disordered. 
4.3.2.3 Raman spectra of f-N-CNTs 
The Raman spectra of unfunctionalized and functionalized N-CNTs showing the D- and G-bands 
is given in Figure 4.25. The unfunctionalized N-CNTs give a low ID/IG ratio of 0.63 which 
implies that the materials show some graphitic character with some noncrystalline carbon. As 
expected, after functionalization of the nanotubes, the ID/IG ratio increased to 0.73. This is an 
indication that f-N-CNTs are more disordered as compared to unfunctionalized N-CNTs. This 
was most probably due to the introduction of functional groups on the walls of the nanotubes 
from the Prato reaction.  
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Figure 4.25: Raman spectra of unfunctionalized and f-N-CNTs 
4.3.2.4 Elemental analysis of f-N-CNTs 
Elemental analysis data of unfunctionalized and functionalized N-CNTs is given in Table 4.6 
below. 
Table 4.6: Elemental analysis data for unfunctionalized-N-CNTs and f-N-CNTs 
 
Table 4.6 shows that in the unfunctionalized N-CNTs the carbon content is 88.30 % with a 
nitrogen content of 1.87 %. No sulphur was detected. After functionalization, the nitrogen 
Sample C% N% S% 
Unfunctionalized  
N-CNTs 
88.30 1.87 N/D 
f-N-CNTs 75.17 6.18 4.12 
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content increased to 6.18 %. In addition, sulphur was also detected (4.12 %). Since N-CNTs 
were functionalized with thiophenecarboxaldehyde and sarcosine (Scheme 4.2), both sulphur 
and nitrogen were expected to be found in the product as a result of functionalization. 
4.3.3 Synthesis of f-N-CNT/PTh nanostructures 
The N-CNTs that had been treated with the Prato reagents were next reacted with thiophene in a 
redox polymerization reaction. The time of the reaction as well as the starting thiophene 
monomer concentrations were varied in order to study their effects on the polymerization 
reaction. This is described in the next sections. 
4.3.3.1  Effect of time in the polymerization reaction 
The effect of time (1 h, 12 h and 24 h) on a fixed amount of thiophene and f-N-CNTs in the 
polymerization reaction was studied. TEM images of such materials are given in Figure 4.26. 
The ratio of N-CNTs to thiophene monomer was 1:10 by weight. The amount of catalyst (FeCl3) 
was kept constant and the polymerization took place at room temperature. 
It is observed from the TEM images that in all the reactions the PTh is tightly attached on to the 
nanotubes. The middle tubular structure in all the TEM images (A-C) is the nanotube, and the 
outer surface is the polymer. The TEM images show that there is a continuous wrapping of 
polymer onto the walls of nanotubes to give a smooth surface. It is observed that when the time 
increased from 1 h to 24 h (A-C), the f-N-CNT/PTh becomes thicker. 
 
 
 
 
 
 
 
  
 
 
 
                                                                                                                             
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.26: TEM image of (A
diameter measurements (shown in the form of histograms)
) 1:10:1, (B) 1:10:12 and (C) 1:10:24 and the corresponding 
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 Diameter studies were performed
the measurement was made is shown in
histograms) are shown in Figure 4.2
coverage of polymer on to the nanotubes, the dia
uniform. The average diameters of f
materials polymerized for 1 h, 12 h, and 24 h respectively. This shows that as 
time increased, the diameters 
starting thiophene monomer and active catalyst sites 
Figure 4.27: Schematic representation of f
Measurements on the thickness of the polymer attached on to the nanotubes were also made. 
This is a measure made from the 
Figure 4.28 below show the histograms of such measurement
 
 on the f-N-CNT/PTh nanostructures. T
 Figure 4.26 and the diameter measurements (distribution 
5. The figure shows that although there was a continuous 
meters of these nanostructures were not 
-N-CNT/PTh were found to be 107, 119 and 228 nm for 
of the materials also increased. This is due to the availability of the 
in the reaction mixture.
-N-CNT/PTh showing the polymer thickness and the 
overall f-N-CNT/PTh diameter. 
nanotube edge to the polymer edge, as shown in 
s. 
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Figure 4.28: Histograms showing the thickness of the polymer for (a) 1:10:1, (b) 1:10:12 and (c) 
1:10:24  
It is observed that as the polymerization time increased, the thickness of the polymer attached 
onto the nanotubes also increased. The average polymer thickness was found to be 39, 44 and   
85 nm for the 1:10:1, 1:10:12, and 1:10:24 mixtures respectively. 
4.3.3.1.1  Effect of polymerization time on the thermal stability of f-N-CNT/PTh nanostructures 
The thermal stability of the f-N-CNT/PTh materials formed by polymerization after different 
time intervals was tested. The TGA plots for the samples are shown in Figure 4.29a and    
Figure 4.29b. 
 
 
 
 
 
 
 
Figure 4.29a: TGA plot of (a) 1:10:1, (b) 1:10:12 and (c) 1:10:24 
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Figure 4.29b: Derivative TGA plot of (a) 1:10:1, (b) 1:10:12 and (c) 1:10:24 
The TGA plot in Figure 4.29a show that the thermal stability of f-N-CNT/PTh after 1 h, 12 h 
and 24 h is seen to be the same. It shows that these materials are stable up to ca 400 oC and they 
start decomposing at ca 500 oC. From the derivative plot above (Figure 4.29b), the maximum 
decomposition temperature of f-N-CNT/PTh after 12 h and 24 h is seen to be the same. 
However, the temperature is slightly lower for the 1 h reaction. The results show that the 
polymerization time does not have a great influence on the stability of the synthesized                
f-N-CNT/PTh nanostructures. 
4.3.3.2  Effect of the amount of thiophene monomer on the formation of f-N-CNT/PTh 
nanostructures 
To study the effect of thiophene monomer on the amount of polymer attached onto the 
nanotubes, different amounts of monomer were used in the polymerization reaction. The ratio of 
nanotubes to thiophene monomer used was 1:3, 1:10, and 1:20 by weight. Experiments were 
performed after 1 h, 12 h and 24 h. Below are the TEM images of the materials obtained from 
the three experiments. The first set of results (Figure 4.30) is for the polymerization reactions 
performed over 1 h. The results for the polymerization reactions performed for 12 h and 24 h are 
given in Figure 4.32 and Figure 4.34, respectively. 
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Figure 4.30: TEM images of (A) 1:3:1, (B) 1:10:1 and (C) 1:20:1  (i.e. polymerization reaction 
was performed for 1 h), together with their corresponding diameter measurements (shown in the 
form of histograms). 
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From the TEM images it is observed that there was a continuous wrapping of polymer onto the 
nanotubes. It was also clear that as we move from A (1:3:12) to C (1:20:12), the f-N-CNT/PTh 
becomes thicker. This was confirmed by the diameter measurements made on these 
nanostructures. The diameter measurements show that the materials do not have uniform 
diameters and that the average diameters were found to be 82, 107 and 121 nm for samples 1:3:1, 
1:10:1 and 1:20:1 respectively. These results show that as the amount of monomer increased, the 
diameters of the materials being polymerized also increased. 
The thickness of the polymer attached onto the nanotubes was also measured and the results are 
shown in Figure 4.31. 
 
 
 
 
 
 
Figure 4.31: Histograms showing the measurement of polymer thickness attached onto 
nanotubes with (a) 1:3:1, (b) 1:10:1 and (c) 1:20:1  
The diameter measurements show that the amount of polymer attached onto the nanotubes was 
also not uniform. The average thickness in the nanometers was found to be 26, 39 and 44 nm for 
samples 1:3:1, 1:10:1 and 1:20:1 reactions respectively. This results show that as the amount of 
monomer increased, the thickness of the polymer attached on to nanotubes also increased. 
The same f-N-CNTs:monomer weight ratios were used, but for a longer reaction time (12 h and 
24 h). The results showed a similar trend. TEM images of such materials are shown in       
Figure 4.32 and Figure 4.33 for 12 h and 24 h reaction time respectively.  
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Figure 4.32: TEM images of (A) 1:3:12, (B) 1:10:12 and (C) 
reaction performed for 12 h),
1:20:12 (i.e. the
 together with their corresponding diameter measurements (shown 
in the form of histograms) 
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Figure 4.33: Histograms showing the measurement of polymer thickness attached on to 
nanotubes with (a) 1:3:12, (b) 1:10:12 and (c) 1:20:12 
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Figure 4.34: TEM images of
reaction was performed for 24 h)
A similar trend as found in polymerization
reaction time. However, the TEM image for the
 (A) 1:3:24, (B) 1:10:24 and (C) 1:20:24 (i.e. polymerizati
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monomer polymerized mainly to form the corresponding PTh and the diameters of the materials 
could not be measured. The above results are summarized in the tables below. 
Table 4.7a: Polymerization of 1:3 (by weight) ratio of f-N-CNTs to thiophene monomer at 
different time intervals 
  
Table 4.7b: Polymerization of 1:10 (by weight) ratio of f-N-CNTs to thiophene monomer at 
different time intervals 
 
 
 
Reaction time (h) Sample Average N-CNT/PTh 
diameter (nm) 
Average PTh 
thickness (nm) 
1 1:3:1 82 26 
 
12 1:3:12 86 27 
 
24 1:3:24 86 28 
 
Reaction time (h) Sample Average N-CNT/PTh 
diameter (nm) 
Average PTh 
thickness (nm) 
1 1:10:1 107 39 
 
12 1:10:12 119 44 
 
24 1:10:24 228 85 
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Table 4.7c: Polymerization of 1:20 (by weight) ratio of f-N-CNTs to thiophene monomer at 
different time intervals 
 
From the Tables above it can be observed that with the lowest monomer ratio, (1:3 f-N-CNT to 
thiophene ratio by weight), the change in diameter of the materials and the thickness of the 
polymer was not very significant. Thus, with a minimum amount of the starting monomer, the 
materials can still be covered by a polymer even after 1 h. However, if the polymerization is 
allowed to proceed, there is a point in which all the monomer is used up and no further 
polymerization of thiophene can take place. However, there is evidence of increasing diameters 
and polymer thickness with increase in time and monomer amount; i.e. when the monomer is 
increased from 1:3 to 1:20 with a concomitant increase in time from 1 h to 24 h. With the highest 
monomer ratio (1:20:24), the TEM image shows that the polythiophene structure containing the 
nanotubes is not clearly visible and thus the diameters could not be measured. 
Having taken all these points in to consideration, the ratio 1:3 after 24 h reaction time was 
chosen to be the optimum polymerization conditions for our study. 
 4.3.3.3  Effect of the amount of catalyst on the synthesis of f-N-CNT/PTh nanostructures 
The amount of oxidant (FeCl3) was reduced from 4 mol to 1 mol to study the effect of FeCl3 on 
the polymerization reaction. These materials are labeled 1:3:24:L; where 1:3 is the ratio of f-N-
CNTs to thiophene monomer, 24 is the polymerization time in hours and L stand for the low 
Reaction time (h) Sample Average N-CNT/PTh 
diameter (nm) 
Average PTh 
thickness (nm) 
1 1:20:1 121 
 
44 
12 1:20:12 212 
 
87 
24 1:20:24 - - 
 
 content of FeCl3.  A TEM image of material produced with reduced FeCl
Figure 4.35. 
The TEM image shows that when there is no enough catalyst in the reaction mixture during 
polymerization, that polymerization still occurs. However spherical objects start to form along 
with the smooth surface of the polymer. 
Niemi et al.21 performed studies on the polym
and discovered that the FeCl3
thiophene polymerization i.e. t
concluded that an extra portion of FeCl
polymerization reaction because of the
evolved HCl gas.  
4.3.3.4  Thermogravimetric 
Below are shown comparative TGA plots
f-N-CNT/PTh materials recorded 
material is stable up to 300 oC 
mass loss around 500 oC. The derivative TGA plot 
659 oC. The peak at 568 oC is the maximum decomposition temperature of PTh and the peak at 
659 oC is due to the decomposition temperature of carbon which is at 
compared to its normal appearance at 672 
Figure 4.35: TEM image of 1:3:24:L 
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due to the oxidation of the functional groups (possibly the Prato ligands) attached to the walls of 
N-CNTs. This peak appears at lower temperature as compared to its appearance in f-N-CNTs at 
586 oC. This data shows that f-N-CNTs are thermally more stable when compared to the f-N-
CNT/PTh nanostructures. 
 
 
 
 
 
 
 
 
Figure 4.36a: TGA plot of f-N-CNTs and f-N-CNT/PTh, and their corresponding derivative 
plots recorded in air 
The f-N-CNT/PTh material’s properties were then compared to that of the pure polymer PTh. 
The results for the TGA profile of such materials are given in Figure 4.36b. 
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Figure 4.36b: TGA plot of pure PTh and f-N-CNT/PTh and the corresponding derivative plot 
recorded in air 
The TGA graph of PTh run in air shows that this polymer is stable up to ca 400 oC.  The 
derivative plot shows a small peak at 96 oC which is due to moisture in the sample                  
(see Section 3.3.8). From 400 oC PTh starts degrading continuously and the maximum 
decomposition temperature occurs at 525 oC. This temperature is lower than that of f-N-CNTs 
(568 oC), the maximum decomposition temperature of PTh in f-N-CNT/PTh. Its thus apparent 
that the presence of nanotubes in PTh are responsible for the higher thermal stability of the        
f-N-CNT/PTh nanostructures. 
The decomposition was also performed in an inert atmosphere. The TGA plot recorded under 
nitrogen below show the thermal stability results for PTh, f-N-CNTs and f-N-CNT/PTh. The 
TGA results for f-N-CNT/PTh recorded under nitrogen shows a steady mass decrease up to 
around 600 oC. A rapid change in mass then occurs between 600 oC and 800 oC. The total mass 
loss up to 900 oC was calculated to be 40 %. The f-N-CNTs are only stable up to 300 oC and 
there is a rapid mass loss above 300 oC. The percentage mass loss up to 900 oC was estimated to 
be 27 % for the f-N-CNTs. This shows that the presence of PTh in the nanotubes reduces the 
thermal stability of the f-N-CNTs under nitrogen.  
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Figure 4.36c: TGA plots of f-N-CNTs and f-N-CNT/PTh run in nitrogen 
The f-N-CNT/PTh properties were compared to that of the pure polymer PTh in nitrogen and the 
TGA profiles of such materials is given in Figure 4.36d. 
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Figure 4.36d: TGA plots of pure PTh and f-N-CNT/PTh run in nitrogen 
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The total mass loss of the pure PTh up to 900 oC is 43.6 %, which is a higher weight loss as 
compared to that of f-N-CNT/PTh nanostructures (40 %). This implies that the presence of the 
nanotubes in f-N-CNT/PTh is responsible for the higher thermal stability of PTh.  
4.3.3.5  Raman spectra of f-N-CNT/PTh 
The Raman spectra of f-N-CNT/PTh and PTh was also performed and the results are given in 
Figure 4.37. 
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Figure 4.37: Raman spectra of PTh and f-N-CNT/PTh 
The Raman spectra for the f-N-CNT/PTh and PTh are shown above and the spectra of                
f-N-CNT/PTh is clearly very similar to that of pure PTh. This demonstrates that f-N-CNTs serve 
as a core in the formation of f-N-CNT/PTh nanostructures. The small peak at 693 cm-1 in           
f-N-CNT/PTh is due to the PTh.13  
4.3.3.6  SEM analysis of f-N-CNT/PTh  
The external morphology of the f-N-CNT/PTh material was also studied using SEM. Figure 
4.38 show the SEM image of such materials. The SEM image shows the globular structures of 
PTh with nanotubes incorporated into the PTh. 
 Figure 4.3
4.3.3.7 Elemental analysis of f
A summary of the elemental analysis results for the f
Table 4.8
 
The results show that the carbon content reduced from 75.17 % in f
CNT/PTh nanostructures. This value (55.96 %) is approximately a similar composition to that of 
carbon in a pristine polymer. The nitrogen content is also reduc
indicates that only carbon and sulphur are the dominant elements in these nanostructures.
Sample 
f-N-CNTs 
PTh 
f-N-CNT/PTh 
8: SEM image of f-N-CNT/PTh 
-N-CNT/PTh 
-N-CNT/PTh material is given in 
: Elemental analysis of the three samples 
-N-CNTs to 55.96 % in f
ed in f
C% N% 
75.17 6.18 
55.43 N/D 
55.96 0.15 
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Table 4.8. 
-N-
-N-CNT/PTh, which 
 
S% 
 
4.12 
 
37.38 
 
34.81 
 
 4.3.4 Noncovalent synthesis of N
Unfunctionalized CNTs were used in the formation of nanocomposites. In the synthesis 
composites, N-CNTs were purified using
48 h and then washed with distilled water until the pH of the filtrate was around 7. The purified 
material was dried in an oven at 120 
temperature. The N-CNTs were then heated in a furnace at 350 
for 30 min to remove any functional groups that may be 
The N-CNTs were then subjected to
(Section 3.3.9). The TEM image of the material produced is shown in 
4.3.4.1  TEM analysis of N-CNT/PTh 
The TEM analysis of the N-CNT/PTh nanocomposite
histogram showing the diameter measurements of the composites.
 
 
 
 
 
Figure 4.39: TEM image of the N
The TEM image shows that the composite material was
continuous wrapping of polymer along the
used as self-assembly hard templ
polymer is coated only on the surface of N
material had variable diameters ranging from 60 to 110 nm. The average diameter was found to 
-CNT/PTh nanocomposites 
 concentrated hydrochloric acid (32 %) at reflux for 
oC for 12 h and vacuum dried for another 12 h at room 
oC under 
present during the 
 polymerization with thiophene as discussed elsewhere 
Figure 4.3
 
s is given in Figure 4.39
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be 77 nm, which is 10 nm less than that of f-N-CNT/PTh (86 nm). The results show that 
additional functionalization of the N-CNTs does not have a large influence on the diameters of 
these materials. 
4.3.4.2 Thermogravimetric analysis of N-CNT/PTh 
The N-CNT/PTh thermal analysis was compared to that of f-N-CNT/PTh and the TGA plot of 
these materials recorded in air is given in Figure 4.40 together with the derivative plot. 
 
 
 
 
 
 
 
Figure 4.40: TGA plot of N-CNT/PTh and f-N-CNT/PTh and the corresponding derivative plot 
recorded in air 
The TGA plot show that the N-CNT/PTh materials are stable up to ca 500 oC as compared to the 
f-N-CNT/PTh materials which are stable up to ca 300 oC.  The derivative plot show for the       
N-CNT/PTh show a peak at 564 and 655 oC, which are due to PTh and N-CNTs decomposition 
respectively, and in the f-N-CNT/PTh these peaks appear at 568 and 659 oC. The derivative plot 
of f-N-CNT/PTh also shows a peak at 478 oC, which is not visible in the N-CNT/PTh. This peak 
is probably due to the oxidation of the functional groups (possibly the Prato ligands) attached to 
the walls of N-CNTs. This data shows that the N-CNT/PTh materials are more thermally stable 
as compared to the f-N-CNT/PTh, however, the is no much difference in the maximum 
decomposition temperatures of PTh and N-CNTs in these materials. 
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4.3.4.3  Elemental analysis of N-CNT/PTh  
A summary of the elemental analysis results for the materials synthesized is given in Table 4.9. 
Table 4.9: Elemental analysis results for the nanocomposites 
 
With the nanocomposite, the carbon content decreased by 31 % as compared to that of N-CNTs. 
Because the N-CNTs in this material were not functionalized, the nitrogen content was detected 
below 0.1 % in the composite materials as compared to 1.87 % in the pure N-CNTs. There is not 
much difference in the composition of carbon and sulphur in PTh and N-CNT/PTh. 
4.4.5 Summary 
N-CNTs with a nitrogen content of ca 1.9 % were synthesized using a floating catalyst CVD 
method. The CNTs showed a bamboo compartment structure, which was an indication of 
nitrogen incorporation into the carbon lattice. CNTs were also successfully functionalized using 
3-thiophenecarboxaldehyde and sarcosine in 1,2-dichlorobenzene (Prato reaction). 
 The f-N-CNT/PTh was then synthesized using an in situ chemical oxidative polymerization 
method and the results showed that when the polymerization time increased, the thickness 
(diameters) of the materials also increased, and so did the thickness of the polymer attached onto 
the nanotubes. It was also shown that the variation of time of polymerization reaction does not 
have a big influence on the thermal stability of f-N-CNT/PTh nanostructures. Different ratios of 
N-CNTs to thiophene monomer by weight were used (1:3, 1:10 and 1:20) and it was found that 
Sample C% N% S% 
 
N-CNTs 88.30 1.87 N/D 
 
PTh 55.43 N/D 37.38 
 
N-CNT/PTh 57.07 <0.1 32.74 
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when the amount of thiophene monomer was increased, the overall diameter of the materials also 
increased as did the thickness of the polymer attached onto the N-CNTs. N-CNT/PTh 
nanocomposites were also successfully synthesized and the TGA analysis showed that these 
materials are more thermally stable in air compared to the f-N-CNT/PTh. 
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CHAPTER FIVE 
CONCLUSIONS AND RECOMMENDATIONS 
 
5.1 Introduction 
Based on the results obtained from this study, this last chapter of the dissertation presents the 
conclusions drawn from this work. Also given in this chapter are the recommendations for future 
work. 
5.2 Conclusions 
The objectives of this study were first to synthesize carbon nanotubes (CNTs). Both undoped 
(CNTs) and nitrogen-doped (N-CNTs) materials were made using the chemical vapor deposition 
(CVD), CVD and floating catalyst CVD methods. The synthesized materials were then modified 
by different functionalization procedures. The properties of the materials formed by 
incorporating these two different types of CNTs into conductive polythiophene (PTh) was 
subsequently evaluated. These materials were characterized using TEM, TGA, Raman 
spectroscopy, elemental analysis, SEM and FTIR spectroscopy. This study successfully 
produced the required materials and the following conclusions were drawn from this research 
project. 
5.2.1 Undoped CNTs 
TEM images revealed that multiwalled carbon nanotubes (MWNTs) were successfully 
synthesized using the catalytic chemical vapor deposition method. In this technique, a Fe/Co 
metal catalyst supported on CaCO3 was used to make the CNTs. The source of carbon was 
acetylene, while nitrogen was used as the carrier gas. The procedure produced CNTs with an 
average yield of 1151 % using a 10 % Fe/Co catalyst supported on CaCO3. This is a high yield 
when compared to that of CNTs produced using 5 % Fe/Co catalyst (average 409 %). 
MWNTs were also functionalized by acid treatment in order to introduce carboxyl and hydroxyl 
groups onto the walls of nanotubes. Success of the functionalization was confirmed by 
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alkalimetry titration methods. Analysis of these acid groups showed that when the 
functionalization temperature increased, the amount of acid groups attached onto the walls of 
CNTs also increased.  
Thermogravimetric analysis (TGA) showed that the acid treated materials were less thermally 
stable as compared to the pristine CNTs. It was also shown that when the functionalization 
temperature increased, the nanotubes decomposition temperature eventually decreased, i.e. the 
decomposition temperature decreased from 577 to 532 oC, when the functionalization 
temperature was increased from 25 to 70 oC. This is most likely due to the present of defects 
caused to the material during functionalization at the higher temperature. 
This was supported by Raman spectroscopy as the analysis showed an increase in the size of 
disorder peak, the D-band, after CNTs acid functionalization. It also showed that as the 
functionalization temperature increased, the intensity of the disorder peak also increased. This 
type of disorder usually arises when there is change on the structure of CNTs, which implies that 
the introduction of acid groups onto the walls of CNTs is more likely to be the cause of the 
change. 
Polythiophene (PTh) was also successfully synthesized using an in situ chemical oxidative 
polymerization method. Elemental analysis studied showed a slightly higher composition of 
sulphur and carbon as compared to the theoretical value. 
Amination of the oxidized CNTs was achieved using thionyl chloride and 2-thiopheneethyl 
amine in tetrahydrofuran (THF) at 70 oC and this allowed for the linking of CNTs with PTh. The 
f-CNT/PTh nanostructures showed an improved thermal stability as compared to the pristine PTh 
and it was proposed that the CNTs were responsible for the increased thermal stability of the      
f-CNT/PTh nanostructures. CNT/PTh composites were also successfully synthesized and TEM 
images showed that PTh coated the CNTs forming a PTh film. 
5.2.2 N-doped CNTs 
Using ferrocene, toluene and tetramethylethylenediamine as reagents, N-doped CNTs were 
synthesized by a floating catalyst CVD method. TEM images showed that the synthesized 
nanotubes contained bamboo compartments which are an indication of nitrogen incorporation 
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into the nanotube lattice. The nitrogen elemental analysis showed that ca 1.9 % of nitrogen was 
incorporated into the CNTs. 
Functionalization of the N-CNTs was then achieved using 3-thiophenecarboxaldehyde and 
sarcosine in 1,2-dichlorobenzene (Prato reaction). The reaction was carried out at 160 oC for       
5 days. This introduced important functional groups onto the walls of the nanotubes. Elemental 
analysis studies showed an increase in nitrogen content in f-N-CNTs using sarcosine as 
compared to the as-synthesized N-doped nanotubes. This was an indication that functionalization 
of the materials was successfully achieved. The TGA analysis showed that functionalized         
N-CNTs were less thermally stable as compared to the pristine N-CNTs. This is mainly due to 
the disorder of the N-CNT wall that was achieved during functionalization. 
Raman spectroscopy of the compounds showed an increase in the ID/IG ratio after 
functionalization. The ID/IG ratio was found to be 0.63 and 0.73 for the unfunctionalized and 
functionalized materials respectively. This increase in ratio indicates that functionalization 
caused the materials to be more disordered. 
N-CNTs were also successfully incorporated into PTh. TEM images showed a continuous 
wrapping of PTh along the entire nanotube. Materials formed by incorporating CNTs into a 
polymer matrix showed an improved thermal stability as compared to that of the pristine 
polymer.  
Morphology studies showed that the amount of monomer used in forming f-N-CNT/PTh 
nanostructures had an influence on the average diameters of the materials. The thickness of the 
polymer attached onto the N-CNT material was changed by varying the amount of the thiophene 
monomer and the polymerization time. Different ratios of N-CNTs to thiophene monomer by 
weight were used (1:3, 1:10 and 1:20). It was found that when the amount of thiophene monomer 
was increased, the overall diameter of the materials increased as did the thickness of the polymer 
attached onto the N-CNTs. Similar studies were undertaken in order to evaluate the influence of 
time on the formation of f-N-CNT/PTh nanostructures. Reactions were carried out for 1 h, 12 h 
and 24 h. It was found that when polymerization time increase, the average diameter of f-N-
CNTs and the thickness of the polymer attached onto f-N-CNTs also increased. The ratio 1:3:24 
was found to be the optimum conditions for these polymerization reactions. It was also found 
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that the polymerization time does not have a big influence on the thermal stability of                   
f-N-CNT/PTh nanostructures.  
Polymerization reactions were also carried out in the synthesis of N-CNT/PTh nanocomposites. 
These materials were synthesized using in situ chemical oxidative polymerization method used 
to synthesize the f-N-CNT/PTh. Morphology studies showed that the composite material had 
variable diameters ranging from 60 to 110 nm. The average diameter of the N-CNT/PTh was 
found to be 77 nm, which is 10 nm less than that of f-N-CNT/PTh (86 nm). The results show that 
additional functionalization of the N-CNTs does not have a large influence on the diameters of 
these materials. TGA analysis showed that the N-CNT/PTh nanocomposited are more thermally 
stable compared to the f-N-CNT/PTh and that there was no much difference in the maximum 
decomposition temperature of PTh and N-CNTs in both materials. 
Studies were also carried out to evaluate if the amount of the catalyst (FeCl3) has an influence on 
the formation of f-N-CNT/PTh nanostructures. Morphology studies showed that when the 
catalyst was reduced (from 4 mol to 1 mol), the continuous surface wrapping of the polymer onto 
the nanotubes occurred and spherical objects start forming along the nanotubes. This was an 
indication that sufficient catalyst is needed in forming these nanostructures. 
Part of this work was carried out within the IBSA (India-Brazil-South Africa) project on 
nanotechnology, in the advanced materials (solar) programme. The resulting materials (materials 
formed by incorporating CNTs into PTh) will be sent to Brazil in 2010 to be tested for their 
efficiency in photovoltaic solar devices. 
5.3 Recommendations for future work 
Nitrogen was used to dope CNTs, of which 7 % of the nitrogen source gave a nitrogen content of 
1.9 %. No attempt was made to vary the nitrogen content or the type of nitrogen environment 
(sp2,sp3) formed in the new material. This suggests a project that will generate much required 
information on the influence of nitrogen doping on the functionalization reactions. This could be 
achieved by varying the reactions of nitrogen-containing reagents or by varying the flow rates or 
vapor pressure of nitrogen-containing reagents.  
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Boron is also another form of dopand that has been used to dope CNTs. It can be used to dope 
CNTs and similar experiments can be done to check if these materials will display different 
characteristics. The boron can be added in various ways, ie. by varying different boron-
containing reagents (borates, BCl3, BF3, etc.) 
In preparing CNT/conductive polymer nanostructures (for both undoped and doped CNTs), only 
an unsubstituted polythiophene was used. This resulted in materials that proved to be insoluble in 
organic solvents. As a result, substituted PThs such as poly(3-hexylthiophene) (P3HT), which 
result from polymerization of 3-hexylthiophene (Figure 5.1), can be used in order to make the 
resulting materials soluble and thus enhance their processing.  
S
 
Figure 5.1: Structure of 3-hexylthiophene 
 
 
 
 
 
 
